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Foreword 
to the First Russian Edition 


Generalized functions have of late been commanding constantly 
expanding interest in several different branches of mathematics. In some- 
what nonrigorous form, they have already long been used in essence by 
physicists. 

Important to the development of the theory have been the works of 
Hadamard dealing with divergent integrals occurring in elementary 
solutions of wave equations, as well as some work of M. Riesz. We shall 
not discuss here the even earlier mathematical work which could also 
be said to contain some groundwork for the future development of this 
theory. 

The first to use generalized functions in the explicit and presently 
accepted form was S. L. Sobolev in 1936 in studying the uniqueness of 
solutions of the Cauchy problem for linear hyperbolic equations. 

From another point of view Bochner’s theory of the Fourier transforms 
of functions increasing as some power of their argument can also 
bring one to the theory of generalized functions. These Fourier trans- 
forms, in Bochner’s work the formal derivatives of continuous functions, 
are in essence generalized functions. 

In 1950-1951 there appeared Laurent Schwartz’s monograph Théorie 
des Distributions. In this book Schwartz systematizes the theory of 
generalized functions, basing it on the theory of linear topological spaces, 
relates all the earlier approaches, and obtains many important and far 
reaching results. Unusually soon after the appearance of Théorie des 
Distributions, in fact literally within two or three years, generalized 
functions attained an extremely wide popularity. It is sufficient just to 
point out the great increase in the number of mathematical works con- 
taining the delta function. 

In the volumes of the present series we will give a systematic develop- 
ment of the theory of generalized functions and of problems in analysis 
connected with it. On the one hand our aims do not include the colation 
of all material related in some way to generalized functions, and on the 
other hand many of the problems we shall consider can be treated without 
invoking them. However, the concept is a convenient link connecting 
many aspects of analysis, functional analysis, the theory of differential 
equations, the representation theory of locally compact Lie groups, and 
the theory of probability and statistics. It is perhaps for this reason that 
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the title generalized functions is most appropriate for this series of volumes 
on functional analysis. 

Let us briefly recount the contents of the first four volumes of the series. 

The first volume is devoted essentially to algorithmic questions of the 
theory. Its first two chapters represent an elementary introduction to 
generalized functions. In this volume the reader will encounter many 
applications of generalized functions to various problems of analysis. 
Here and there throughout the book theorems are presented whose proofs 
will be found in the second volume. Volume I makes wide use of Schwartz’s 
book and of the article on homogeneous functions by Gel’fand and 
Z. Ya. Shapiro (Uspekhi Matem. Nauk, 1955). Shapiro has also written 
some of the paragraphs of the present volume. 

The second volume develops the concepts introduced in the first, 
uses topological considerations to prove theorems left unproved in the 
latter, and constructs and studies a large number of specific generalized 
function spaces. The basis for all this is one of the most elementary and, 
for analysts, one of the most useful fields of the theory of linear topological 
spaces (developed in Chapter I of the second volume), namely the theory 
of countably normed spaces. 

The third volume is devoted to some applications of generalized 
functions to the'theory of differential equations, in particular to con- 
structing the uniqueness and consistency classes for solutions to the 
Cauchy problem in partial differential equations, and to expansions in 
eigenfunctions of differential operators. Here we make systematic use of 
the results obtained in the second volume. 

In the fourth and fifth volumes we consider problems in probability 
theory related to generalized functions (generalized random processes) and 
the theory of the representation of Lie groups. The unifying concept here 
is that of harmonic analysis (the analog of Fourier integral theory) of 
generalized functions, in particular questions related to the representations 
of positive definite functions. In these volumes we present the kernel 
theorem of Schwartz. 

Volumes I to III are written by G. E. Shilov and myself, while Volumes 
IV and V are written by N. Ya. Vilenkin and me. 

The section entitled Notes and References to the Literature contains 
some historical remarks, citations of sources, and bibliography. In the 
text, however, no source references are made; references to the textbook 
literature are given in footnotes. 

Of course all of this hardly exhausts the possibilities of application 
for generalized functions. The necessity for going deeper into the relations 
to differential equations is quite apparent (for instance with respect to 
boundary value problems, equations with variable coefficients, and many 
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problems in quasi-linear equations). Further, the theory of generalized 
functions is the most convenient foundation on which to construct a 
general theory of the representation of Lie groups and, in particular, 
the general theory of spherical and generalized automorphic functions. 
We hope later to be able to shed some light also on these questions. 

The authors of the first volume express their gratitude to their colleagues 
and students who have in one way or another taken part in the creation 
of this volume, in particular to V. A. Borovik, N. Ya. Vilenkin, M. I. Graev, 
and Z. Ya. Shapiro. The authors also express their gratitude to M. S. 
Agranovich, who edited the entire manuscript and introduced many 
improvements. 

I. M. GEL’FAND 
1958 


Foreword 
to the Second Russian Edition 


The material in this second edition of the first volume has been some- 
what rearranged in order to make it easier to read. The first two chapters, 
Definition and Simplest Properties of Generalized Functions, and Fourier 
Transforms of Generalized Functions, can be recommended as an initial 
introduction; they contain the standard minimum which must be known 
by all mathematicians and physicists who have to deal with generalized 
functions. 

The plan for further reading depends on the interests of the reader. 
Readers interested in the algorithmic aspects of the discussion can turn 
to Chapter III of this volume, which is devoted to special classes of 
generalized functions, namely to delta functions on surfaces of various 
dimension, generalized functions related to higher dimensional quadratic 
forms (of arbitrary signature), homogeneous functions, and functions 
equivalent to homogeneous functions. Such readers may also turn to 
Appendix B, which treats homogeneous generalized functions in the 
complex domain. To the reader interested in the general theory, 
we recommend that after reading the first two chapters of this 
volume he turn to the first three chapters of Volume II. Those 
contain, among other things, the necessary information from the 
theory of linear topological spaces. He may then turn to Chapter I of 
Volume IV, which describes nuclear spaces and measures in them. Those 
readers who wish to learn about the applications of generalized functions 
to the theory of partial differential equations may turn to Chapters II 
and HII of Volume III, after first looking at the chapters on spaces of 
type S and W (Chapter IV of Volume II and Chapter I of Volume III). 
Spectral theory and its applications will be found in Chapter IV of 
Volume III and Chapter I of Volume IV; prerequisite for these are 
the first two chapters of Volume II. Other programs for reading 
are also possible; for instance questions concerned with the application 
of Fourier transforms of generalized functions are discussed after 
Chapter II of Volume I and Chapters III and IV of Volume II, the 
first three chapters of Volume III, and some of the chapters of 
Volume V. The application of generalized functions to the theory 
of group representations and of Fourier transforms over a group is 
described in Volume V, for which one need only have read the first two 
chapters of Volume I. 
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For convenience in using the first volume, we have placed at the end 
of it a résumé of the basic definitions and formulas and a table of Fourier 
transforms of generalized functions. 

THE AUTHORS 
1959 
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CHAPTER | 


DEFINITION AND SIMPLEST PROPERTIES 
OF GENERALIZED FUNCTIONS 


1. Test Functions and Generalized Functions 
1.1. Introductory Remarks 


Physicists have long been using so-called singular functions, although 
these cannot be properly defined within the framework of classical 
function theory. 

The simplest of the singular functions is the delta function 5(x — xp). 
As the physicists define it, this function is “equal to zero everywhere 
except at xo, where it is infinite, and its integral is one.”’ It is unnecessary 
to point out that according to the classical definition of a function and 
an integral these conditions are inconsistent. 

One. may, however, attempt to analyze the concept of a singular 
function in order to exhibit its actual content. 

First of all, we remark that in solving any specific problems of mathe- 
matical physics, the delta function (and other singular functions) occur 
as a rule only in the intermediate stages. If the singular function occurs 
at all in the final result, it is only in an integrand where it is multiplied 
by some other sufficiently well-behaved function. There is therefore 
no actual necessity for answering the question of just what a singular 
function is per se; it is sufficient to know what is meant by the integral 
of a product of a singular function and a “good” function. For instance, 
rather than answer the question of what a delta function is, it is sufficient 
for our purposes to point out that for any sufficiently well-behaved 
function g(x) we have 


[8G — a) oe) de = ole) 


In other words, to every singular function corresponds a functional 
which associates with every ‘‘sufficiently good” function some well- 
defined number. For instance, for the delta function the number 
corresponding to each “‘sufficiently good” function (x) is (xp). 
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But if this is so, we need no longer be puzzled by the concept of a 
“singular function”’; we shall identify it now with the functional actually 
under discussion. This will then be a perfectly good definition (so long as 
we have clearly specified also the class of ‘‘sufficiently good” functions 
on which this functional is defined). 

Ordinary summable functions are obviously included in this concept, 
since given every such function f(x) one can calculate the integral of 
the product of f(x) with some ‘‘good’”’ function. Thus the definition of 
generalized functions in terms of functionals will include both “‘singular’’ 
and ordinary functions. 

Let us now proceed to formulate the exact definitions. 


1.2. Test Functions 


First of all we must define the set of those functions which we have 
conditionally called “‘sufficiently good,” and on which our functionals 
will act. 

As this set we shall choose the set K of all real functions! g(x) with 
continuous derivatives of all orders and with bounded support,? which 
means that the function vanishes outside of some bounded region 
[which may be different for each of the y(x)]. 

We shall call these functions the test functions, and we shall call K 
the space of test functions. 

The test functions can be added and multiplied by real numbers to 
yield new test functions, so that K is a linear space. 

Further, we shall say that a sequence ¢,(x), p(x), ..., p(x), ... Of test 
functions converges to zero in K if all these functions vanish outside a 
certain fixed bounded region, the same for all of them, and converge 
uniformly to zero (in the usual sense) together with their derivatives of 
any order. 

As an example of such a function which vanishes for 


ralsi=/Da>o 


consider 
a f 
exp [ — =~) orr <a 
p(x, 4) = P ( a —r* ‘ 
forr > a, 
1 As a rule we shall let x = {x1, x9, ..., ¥n} denote a point in the n-dimensional space Ry. 


On first reading the reader may visualize x as a point on the line. 
2 The support of a continuous function ¢(x) is the closure of the set on which 9(x) ¥ 0. 
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The sequence »,(x) = v—19(x, a) (v = 1,2, ...) converges in K. The 
sequence 9,(x) = v_!9(x/v, a) (v = 1, 2, ...) converges to zero uniformly 
together with all its derivatives, but does not converge to zero in K, 
since there exists no common bounded region outside which all these 
functions vanish. 

There exist many different kinds of functions in K. For instance 
(see Appendix 1.1 to this chapter), for a given continuous function f(x) 
with bounded support there always exists a function y(x) in K arbitrarily 
close to it, i-e., such that for all x and for any « > 0, 


| f(*) — o#) | <. 


1.3. Generalized Functions 


We shall say that f is a continuous linear functional on K if there exists 
some rule according to which we can associate with every o(x) in K 
a real number ( f, ¢) satisfying the following conditions, 


(a) For any two real numbers «, and a, and any two functions ¢,(x) 
and (x) in K we have (f, a9, + %2P2) = of, 91) + (fs 92) 
(linearity of f). 

(b) If the sequence q,, yo, ..., Y», --. converges to zero in K, then the 
sequence ( f, 71), (f, G2), ---» (fF, pr), --» converges to zero (continuity of f). 


For instance, let f(x) be absolutely integrable in every bounded region 
of R,, (we shall call such functions locally summable). By means of such 
a function we can associate every g(x) in K with 


(fe) = J fe) ox) dx, (1) 


where the integral is actually taken only over the bounded region in 
which ¢(x) fails to vanish. It is easily verified that conditions (a) and (b) 
are satisfied for the functional f. Condition (b) follows, in particular, 
from the possibility of passing to the limit under the integral sign 
when the functions in the integrand converge uniformly in a bounded 
region. 

Equation (1) represents a very special kind of continuous linear 
functional on K. Other kinds of functionals are easily shown to exist. 
For instance, the functional which associates with every ¢(x) its value 
at X» = OQ is obviously linear and continuous, It is easily shown, however, 
that this functional cannot be written in the form of (1) with any locally 
summable function f(x). 
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Indeed, let us assume that there exists some locally summable func- 
tion f(x) such that for every g(x) in K we have 


[ , 1) 92) dx = 90). 


In particular, for the function g(x, a) discussed in the previous sub- 
section, we have 


fhe I(x) 9x, a) dx = 9(0, a) = e}. (2) 


But as a — 0 the integral on the left converges to zero, which contra- 
dicts Eq. (2). 

We shall call the functional we are now discussing the delta function, 
in accordance with the established terminology (although this termi- 
nology is inaccurate, since the delta function is not a function in the 
classical sense of the word), and we shall denote it by 5(x). We thus write 


(8(x), p(x)) = (0). 


One often has to deal with the “translated” delta function, or the 
functional (x — x,) defined by 


(8(x — xo), P(x)) = p(xo). 
We now define a generalized function as any linear continuous func- 
tional defined on K. Those functionals which can be given by an 
equation such as (1) shall be called regular, and all others (including 


the delta function) will be called singular. 
We shall call the regular generalized function f defined by? 


(fe) = C [ ox) dx = [ Cole) dx 
the constant C. For instance, the unit generalized function is defined by 
(1,9) = | o) dx. 
It can be shown (see Volume II, Chapter I, Section 1.5) that if one 


3 We shall suppress the symbol R, on the integral sign whenever the integral is taken 
over the entire space. 
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knows the value of a regular functional on all functions of K, the 
function f(x) corresponding to it can be established everywhere except 
on a set of measure zero (almost everywhere). This means that to different 
functions f,(x) and f,(x) correspond different generalized functions (i.e., 
for some functions in K these functionals have different values). Thus 
the set of ordinary locally summable functions can be considered a 
subset of the set of all generalized functions. 

For this reason, it is sometimes convenient to use the notation f(x) 
for generalized functions, as-in the case of the delta function, although 
we may no longer speak of the value of a generalized function at a 
given point (so that, rigorously speaking, the notation f(x) is meaningless 
for a generalized function). In addition, we shall sometimes denote 
(f,.¢) by f f(x) p(x) dx, although according to ordinary analysis such 
notation is meaningless. For instance, we will sometimes write 
J 8(x) p(x) dx instead of (8(x), p(x)). Thus f 5(x) p(x) dx = (0). 

We shall denote the set of all generalized functions by K’. 


1.4. Local Properties of Generalized Functions 


We have already seen that generalized functions cannot be assigned 
values at isolated points. One cannot, for instance, say that “‘a gene- 
ralized function f is equal to zero at x,.’’ However, the statement that 
“a generalized function f is equal to zero in a neighborhood U of x,” 
can be given a quite well-defined meaning. This will mean, namely, 
that for every y(x) in K with support in U, we have (f, y) = 0. Thus, 
for instance, the generalized function f corresponding to an ordinary 
function f(x) vanishes in a neighborhood U of x, if f(x) itself vanishes 
(almost everywhere) in this neighborhood. The singular function 
d(x — x,) vanishes in a neighborhood of every point x) A x. 

We shall now say that the generalized function f vanishes on some 
open set G if it vanishes in a neighborhood of every point in this set. 

It can be proven (see Appendix 1) that the generalized function which 
vanishes in a neighborhood of every point vanishes also in the large, 
i.e., that for every g(x) in K we have 


(fp) = 0. 


If f is a generalized function which fails to vanish in any neighborhood 
of x», then x, is called an essential point of the functional f. Thus, for 
instance, the point x, = 0 on the line is an essential point of the 
functional f(x) = x? (although the function x? itself vanishes at this 
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point!). It is also true, of course, that all the other points on the line 
are also essential points for this functional. The set of all essential 
points of a generalized function f is called its support. The support of 
the regular generalized function f corresponding to the continuous (or 
piecewise continuous) function f(x) is the closure of the set on which 
f(x) #0, 1e., the support of f(x). The support of the generalized 
function d(x — x) is the single point x. If F is a set which contains the 
support of a functional f, one says that f is concentrated in F. 

The term “essential point” is justified by the following property 
(proved in Appendix 1.3). If g(x) in K is a function that vanishes in a 
neighborhood of the support of the functional f, then (f, y) = 0. It 
follows that however g may vary outside of the neighborhood of the 
support of f has no bearing on (f, ¢). Indeed, any such variation is 
equivalent to adding to @ another test function % which vanishes in 
the neighborhood of the support of f, or such that ( f, ¢) = 0; therefore 
(Ae + ¥) = (Ff, %) 

Let us now go on to a local comparison of two arbitrary generalized 
functions. We will say that the generalized functions f and g coincide 
on the open set G if the difference f — g vanishes on this set. It can be 
shown that if f and g coincide in a neighborhood of every point, they 
coincide in the large, or (f, y) = (g, y) for all g. It follows from this 
that a generalized function f is determined uniquely by its local proper- 
ties. More even than that, a generalized function can in fact be con- 
structed if its local properties are known (Appendix 1.3). 

In particular, we shall say that a generalized function f is regular in 
some region G if in this region it coincides with some ordinary locally 
summable function. 

For instance, the delta function 5(x — x9) is regular (and equal to 
zero) everywhere except at xp. 

One of the important problems in the theory of generalized functions 
is the following. Given an ordinary function f(x), in general not locally 
summable, for instance 1/x on the line. One may then ask whether or 
not there exists a generalized function f which coincides with f(x) at 
all points at which the latter is locally summable. Further, is it possible 
to establish the correspondence from f(x) to f in a way which preserves 
the operations of addition, multiplication by a function, and differen- 
tiation (which we shall define below for generalized functions)? It is 
clear that the answers to these questions are quite important, since if 
this were possible one could include in the generalized functions those 
ordinary functions which have nonsummable singularities. 

At present only partial answers exist to these questions; they will be 
discussed in Sections 1.7 and 3. 


1.5 Test Functions and Generalized Functions 7 
1.5. Addition and Multiplication by a Number and by a Function 


Consider two generalized functions f and g. We define their sum 
f +g as the functional on K defined by 


(f+289) = Cf, P) + (g, ”)- 


It is easily verified that according to this definition f + g is also a 
continuous linear functional. In particular, if f and g are regular func- 
tionals corresponding to the functions f(x) and g(x), then f + g is also 
a regular functional, and it corresponds to f(x) + g(x). This shows how 
natural is this definition of the sum of generalized functions. 

The product of a generalized function f by a number « is defined by 


(af, >) = of, p) = (Sf, a9). 


Clearly, this functional is also continuous and linear. If f is a regular 
functional corresponding to the locally summable function f(x), then 
this operation corresponds to multiplication of f(x) by «. 

There does not seem to be any natural way to define the product of 
two arbitrary generalized functions. Nevertheless, it is possible to 
define the product of any generalized function f by an infinitely differen- 
tiable function a(x). We note first that the product of an infinitely 
differentiable function a(x) and a function g(x) in K is a function 
y(x) = a(x) g(x) in K. Further, if the sequence of functions ¢,(x) 
converges to zero in K, then the sequence a(x) ¢,(x) also converges to 
zero in K. Now consider any generalized function f. We define the 
new functional af by 


(af, y) = (f, 49). 


Clearly, af is linear. It is also a continuous functional, as can be seen 
from the following. If g(x) +0, then as was pointed out above, it 
follows that a(x) g(x) —> 0, so that 


(af, 2) = Cy; ap,) — 0. 


For the regular functional f corresponding to the locally summable 
function f(x), multiplication by a(x) corresponds to multiplication of 
I(x) by a(x). Indeed, for this case we have 


(af, 9) = (fap) = | f(x) [a(e) 9(x)] ax 
= | lax) f(e)] ox) dx, 


which is the desired result. 
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1.6. Translations, Rotations, and Other Linear Transformations 
in the Space of the Independent Variables 


For h > 0, the function f(x — h) on the line is called in analysis the 
right translation of f(x) through the distance h. We note, by the way, 
that the operation performed on the independent variable here is a left 
translation through the distance h, the opposite of the operation per- 
formed on the function. 

This may be generalized in the following way to the case of functions 
of variables. Let u be some nonsingular linear transformation in the 
n-dimensional space R, and let u—! be its inverse. Then the corres- 
ponding operation uw on a function f(x) is defined by 


uf(x) = fu’). (1) 


This concept can be extended to generalized functions. We note 
first that if g(x) is in K, then so is g(ux). Let us further determine what 
equation for functionals corresponds to Eq. (1) for functions. Assuming 
f(x) to be lecally summable and letting g(x) be a function in K, we 
obtain 


(uf(x), (4) = (fee), 9(x)) = | fu) ox) dx. 


Now we make the substitution u-lx = y, so that x = uy, and in the 
integral we may write dx = |u| dy, where | w| is the absolute value of 
the determinant of the matrix of the transformation. Then 


(uf) = 14] | fv) (uy) dy = | 4 | (fC), ous). 


From this equation we define the operation wu applied to an arbitrary 
generalized function in the following way. We define uf as the func- 
tional such that 


(uf, p) = | #1 (f, p(w). (2) 


It is also possible to denote uf by f(u—x) (as with ordinary functions), 
a notation which sometimes clarifies the meaning of an equation. In 
that case we can use the previously established convention (see the end 
of Section 1.3) to write (2) in the form 


[ Fr *x) ofa) de = | w| [ fe) oux) dx, (2’ 


where f is any generalized function. 
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A particularly simple equation is obtained for unimodular trans- 
formations (i.e., those with determinant one), in particular for rotations. 
For these we have 


(f(u*), o(*)) = (uf, p) = (Ff, (ux). (3) 
Examples. 
1. Translation through the vector h. Here ux = x +h. The trans- 


lation of a generalized function f through the vector h is given by 


(uf, ~) = (CF, Pp(ux)) = (fF, P(* + A). 


This formula can also be written in the form 


(f(x — 4), ») = (4 o(* + A); 


or in the form 
| fle — h) gfx) de = | f(x) oe +h de 


(where f is a generalized function). 


2. Reflection in the origin. Here ux = —x. Reflection of a generalized 
function f is given by 


(f(—x), p)) = Uf, &) = (4, P(—4)), 
or 


[ 1») ole) dx = | 1) o(—2) dx. 


3. Similarity transformation. Here ux = ax. The similarity trans- 
formation of a generalized function f is given by 


(f(u*x), p(x) = (uf, e) = a"(F(*), 9(ox)). 


The generalized function f is naturally called invariant with respect 
to the operation u if uf = f. 

For instance, a generalized function may be invariant with respect to 
reflection in the origin; i.e., it may satisfy the equation ( f,y(—x)) = (fi¢). 
Such a function may be called centrally symmetric. Generalized func- 
tions invariant with respect to all rotations will be called spherically 
symmetric. Among such are all the regular functionals corresponding 
to functions depending only on r =*~/ 2X xj; another example is the 
5 function. A function invariant under translations through the vector 
h is called periodic with period h. It can be shown that a generalized 
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function invariant with respect to all translations is a constant (see 
Section 2.6). 
If f(x) is a generalized function such that 


f(ax) = oMf(x) (4) 


for all real « > 0, then it is called homogeneous of degree A. eae (4) 
can also be written in the form 


a" ( f(x), » (=}) = a f(a), (4) 
or, equivalently, 


(1), & E)) = a*"(£(@), o#)). 


Thus, 5(x;, ..., %,) is a homogeneous generalized function of degree 
—n. It is clear that ordinary locally summable homogeneous functions 
are also homogeneous when considered as generalized functions, and of 
the same degree. We shall consider homogeneous generalized functions 
in more detail in Section 4 and then again in Chapter III. 


1.7. Regularization of Divergent Integrals 


Let f(x) be a function locally summable everywhere except at Xp, 
where it has a nonsummable singularity [for instance, f(x) = 1/x on 
the line]. Then in general the integral 


| £0) 98) ax, (1) 


where ¢(x) is in K, will diverge. But this integral will converge if ¢(x) 

vanishes in a neighborhood of x). We may now ask whether it is possible 

to use this result to redefine a functional, that is to construct an f € K’ 

such that for all y(x) in K vanishing in a neighborhood of x, the func- 

tional has the value given by (1). Any such functional f is called a 

regularization of the divergent integral of (1) [or a regularization of f(x)]. 
Thus, for instance, for f(x) = 1/x we may set 


Ga ft He) Wee {. p(*) = OO) yids i. He) dx (2) 


with any a, b > 0. 


1.7 Test Functions and Generalized Functions 11 


Regularization can also be defined in the following somewhat different 
way. The regularization of a function f(x) is a continuous linear func- 
tional f which coincides with f(x) everywhere except at x, (see Sec- 
tion 1.4). 

Indeed, if there exists a functional f given by (1) for all g(x) in K 
which vanish in a neighborhood of x,, then f coincides with f(x) in 
some neighborhood of every point x, 4 x9, in particular in every 
neighborhood that does not contain x, either in its interior or on its 
boundary. If, further, the functional f coincides with f(x) everywhere 
except at x9, Eq. (1) will hold for every g in K which vanishes in a 
neighborhood of x, and therefore f represents a regularization of f(x). 

We now present some general propositions concerning the existence 
of regularizations. For simplicity we shall take x, = 0. 


Proposition 1. If there exists an integer m > 0 such that f(x) -7™ is 
locally summable, the integral of (1) can be regularized. 

For this case we can construct the regularization f in accordance with 
the equation 


(F.9) = J 40) 02) — [n(0) + BO oy +. + FEO 35] oc — | a 
6) 


(where we subtract enough terms of the Taylor’s series to leave a 
remainder of order greater than 7”). The function (1 — 7) is unity for 
r <1 and zero forr > 1. 

Clearly the integral in (3) converges for all g(x) in K and is a contin- 
uous linear functional. If, further, g(x) vanishes in a neighborhood of 
the origin, (3) becomes 


(f,—) = | fe) ox) x, 


so that except at the origin f coincides with f(x). 
For this case, therefore, the regularization exists. 


Proposition 2. If f, is a special solution to the regularization 
problem, i.e., if f, regularizes the integral of (1), the general solution f 
is obtained by adding to f, any functional concentrated on x, = 0. 

Let f, be a regularization, and let g be a functional concentrated on 
the origin. Then for any g(x) in K which vanishes in a neighborhood 
of the origin, 


(fo + £9) = (fo %) + (2,7) = (So 9): 


12 DEFINITION AND SIMPLEST PROPERTIES Ch. I 


so that fy + g is also a regularization. Conversely, if f, and f, are two 
different regularizations, then for all-such g(x) we have 


(fi — fo, Pp) = (A, P) — (for yp) = 0, 


so that f, — f, is concentrated on f, = 0. 
For instance, if f(x) = 1/x, the difference of any two regularizations 
given by (2), as is easily verified, is simply C(x), where C is a constant. 
In Section 3 we shall consider the problem of choosing from all the 
regularizations of a given function the most natural one. 


Proposition 3. If within some solid angle whose vertex is at the 
origin f(x) satisfies the condition 


f(x) 2 F(), (4) 


where F(r) increases monotonically faster than any power of l/r as r 
approaches zero, the integral of (1) cannot be regularized. 

For simplicity let us assume that the solid angle under discussion 
contains the region H = (x, > 0,..., x, > 0). The proof of the general 
case is then quite similar to the one that follows. Consider a nonnegative 
function g(x) in K which vanishes for |x| > 1 and whose integral is 
equal to unity. Further, let «, > 0 be any sequence of numbers approach- 
ing zero more rapidly than any power of 1/v. 

We now translate the function «,g(vx) through the distance /n/v 
along the line x, = ... = x,. Call the function so obtained y,(x). Then 
¥,(x) vanishes outside H and, for sufficiently large v, outside the inter- 
section of H with an arbitrarily small ball centered at the origin. It is 
easily seen further that the sequence of the y¥,(x) converges to zero in 
K as v + ©, Thus if there were to exist a functional f regularizing (1), 
it would follow that 


(f, $) > 0. (5) 


But, since ¢%,(x) vanishes in a neighborhood of x = 0, and since except 
at the origin f coincides with the function f(x) of (4), we may write 


(fds) = | fe) yale) dx > e, [ Fr) uploa) de, 


where ug is the translated » function. Now the integral of (vx) is ob- 
viously 1/v", and we thus arrive at 


(fu) > FF va), (6) 
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We have not yet picked the «,. Let us write 


é, ee ieee (7) 


so that, since F(r) increases more rapidly than any power of 1|/r, these 

€, converge to zero more rapidly than any power of 1/v, as we have 

required. But it is then seen from (6) that the (f, ¥,) are all greater 

than unity and cannot therefore converge to zero; this contradicts (5). 
Thus in this case the integral in (1) cannot be regularized. 


Remark. This result does not mean that in generalized functional 
analysis one may never consider functions with singularities of infinite 
order. So far we have considered test functions of only a very special 
kind (namely those in K). In the second volume we shall discuss other 
test function spaces, and among them it is always possible to find those 
for which functions with singularities of any kind can be given meaning 
as functionals. . 

In conclusion, we remark that regularization can be defined similarly 
also if f(x) has not one but several or even a countable number of 
isolated singular points, so long as the number of singular points in any 
finite interval is finite. 

Any such function f(x) can always be written in the form 


fx) = DA), 
where each f,(x) has only one singular point (see Appendix 1.2). There- 
fore the case of a countable number of isolated singularities is essentially 
the same as the one just discussed. 


1.8. Convergence of Generalized Function Sequences 


A sequence fj, fo, .... f,,... Of generalized functions is defined to 
converge to the generalized function f if for every g(x) in K 


lim (fn) = (f. 9). 


One may, of course, assume v to vary over a continuous set. The defini- 
tion of the limit of the sequence remains the same. 
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Similarly, a series hj + A, +... +h,+... of generalized functions 
is said to converge to the generalized function g if the sequence 


B=h, SH th.. gBg=htat..tA,,.. 


converges to g in the above sense. 

It is easily verified that this definition of the limit of a convergent 
sequence of generalized functions is unambiguous and consistent. 

Further, the operation of passing to a limit is linear. That is to say, 
if f = lim,,.f,, and « is a number (or an infinitely differentiable 
function), then lim,.., of, exists and is equal to alim,,.. f, = of. 
Further, if f = lim,,.f,, g = lim,,.g,, then lim,_.. (f, + g,) exists 
and is equal to f + g. 

If the sequence of locally summable functions f,(x) (with v = 1, 2, ...) 
converges uniformly to the locally summable function f(x) in every 
bounded region, the corresponding functionals f, converge to the regular 
functional f. To see this, let g(x) be some function in K and let G be 
the support of g(x). Then as a result of a well-known theorem on the 
convergence of an integral, we have 


(fn) = | fa) ox) dx > | f(a) (x) dx = (L 9), 


which is the required result. 

We may, on the other hand, propose a weaker requirement than the 
uniform convergence of the f,(x) on bounded regions. The theorem on 
the limit of an integral will hold, for instance, under either of the 
following: 

(a) f(x) — f(x) almost everywhere, and | f,(x) | bounded by a fixed 
constant (or even by a locally summable function); 

(b) f,(x) — f(x) monotonically increasing or decreasing, f(x) locally 
summable. 


Example. A sequence of regular functionals may converge to a 
singular functional. For instance, the functional 


(fe) =lim( 2 ae 


e~0 lal > x 


coincides with the ordinary function 1/x for x 4 0. This function is 
not summable in any neighborhood of the origin, and the functional 
is therefore not regular. But it is seen from the construction that it is 
the limit as « — 0 of the regular functionals corresponding to the ordinary 
functions defined as equal to 1/x for | x | > ¢ and to zero for |x| < e. 
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It can in general be shown (and will be shown in the second volume) 
that every singular functional is the limit of a sequence of regular 
functionals. 

It is easily verified that every generalized function is the limit of a 
sequence of generalized functions concentrated in bounded sets. 

To prove this, consider an infinitely differentiable function g,(x) 
equal to one in the ball |x| <v and equal to zero outside the ball 
|x| < 2y. It is clear that for each p in K there exists a sufficiently 
high v such that g,9 = ¢. From this it follows that for any functional f 
the sequence g,f converges to f; for let p be any function in K, so that 
(gf, ~) = (48) = (Ff, ¢) for sufficiently high », or (g,f, p) > (Ff, @)- 
Now the functional g,f is easily seen to vanish for | x | > 2», so that it 
is concentrated on the bounded set |x| < 2. Thus f is the limit of the 
sequence g,f of generalized functions concentrated in bounded sets, as 
asserted. 

One important property of the space of generalized functions is its 
completeness with respect to convergence as defined here. In other 
words, if the sequence f,, f,, ..., f,, ... is such that for every m in K the 
number sequence (f,, y) has a limit, this limit is again a continuous 
linear functional on K. 

This theorem is proven in Appendix A at the end of this volume. 


1.9. Complex Test Functions and Generalized Functions 


So far we have assumed that both the g(x) and the ( f, ~) take on only 
real values. 

One may, however, also define complex generalized functions. To 
do this one goes over from the space of & real test functionsto the space 
of complex test functions (again infinitely differentiable functions with 
bounded support) using the previously defined operations.* 

We now define complex generalized functions as continuous linear 
functionals taking on, in general, complex values on this new test- 
function space. . 

With every complex locally summable function f(x) we associate the 
functional 


(fe) = | Ae) oe) ax, (1) 
where the bar denotes the complex conjugate. 


4 These are not generalized functions of a complex variable; see Appendix B. 
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As before, we shall denote the test-function space by K and the 
generalized-function space by K’. 
Addition and multiplication by a (complex) number in K’ is then 
given by 
(fi +h”) = (fis ) + (fa 9), (2) 
(af, p) = af, 9) = (Sf, 29). 


Multiplication by a complex infinitely differentiable function a(x) 1s 
defined by 


(a(x) f, ~) = (f, a(x) 9(x)). (3) 


For every generalized function f there exists the complex conjugate 
generalized function f defined by 


(4%) = (49) (4) 


It can be shown that if an ordinary function f(x) is treated as a gene- 
ralized function, the newly defined operation of complex conjugation 
corresponds to the ordinary one. In the sequel we shall deal almost 
entirely with the real case. The results obtained, however, can for the 
most part be automatically extended to the complex case with obvious 
changes which follow from the above Eqs. (1)-(4). 


1.10. Other Test-Function Spaces 


It is often convenient to extend the functionals defined on K to a 
broader function space and then to study their behavior on this new 
space. 

A space which very often occurs in applications is S, the space of 
infinitely differentiable functions which, together with their derivatives, 
approach zero more rapidly than any power of 1/|x| as |x|—+© 
[for instance, exp (—x?)]. Thus on the line —© < x < o the functions 
g(x) € S satisfy inequalities of the form 


| xFp'(x) | < Cig (1) 


for any k,g = 0,1, 2,... . 
In the case of several variables, (1) is replaced by 


eut-- -+2n(x) 
xf ene xkn "Ox ... Oxtn < Ci, soee Kaye Ayo coee In 
nn 


(Ray «2 In = 0, 1, 2, ...); 
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which we shall write symbolically in the form 
where k = (Aj, ..., Rn)> = (Gas +++ Qn) Xe = 1h... ache, and 


pre Otte +dy . 
oxen vee OXGn 

Convergence in S is defined as follows. A sequence 9,(x) is said to 
converge to g(x) if in every bounded region the derivatives of all orders 
of the y,(x) converge uniformly to the corresponding derivatives of 
g(x) and if the constants C),, in the conditions 


| e*D%p,(x) | < Cig (2) 


can be chosen independent of v. Then the limit function g(x) also belongs 
to S, as can be seen by going to the limit as vy — ~ in conditions (2). 

Obviously every infinitely differentiable function with bounded 
support, i.e., every function in K, belongs also to S. Moreover, K is 
dense in S. To prove this we construct functions e,(x) € K equal 
to one in the cubes | x; | < v and to zero outside the cubes | x; | < 2y 
and such that their derivatives of any fixed order all be bounded by the 
same number independent of v (with v = 1, 2, ...).5 

Now let g(x) be any function in S. Then the functions ,(x) = o(x)e,(x) 
have bounded support and, as is easily seen, converge to g(x) in S, as 
asserted. 

We note also that if 9,, p € K, and g, > g in K, then clearly og, > 
in S. In other words convergence in K is a stronger condition than, or 
includes, convergence in S. 

The set of continuous linear functionals on S is denoted by S’, 
Clearly every continuous linear functional on S is also a continuous 
linear functional on K, so that S’ C K’. But of course far from all the 
continuous linear functionals on K can be extended to S. (It may be 
noted in any case that if such an extension is possible for a given func- 
tional, it is unique. This follows from the fact that K is dense in S.) 
Generalized functions that can be extended to S are those with bounded 
support, regular functionals corresponding to slowly increasing functions, 
i.e. those that increase no more rapidly than any power of | x | as x > ~, 
and some others. 

It is clear that S’ is a linear space, namely that f, g € S’ implies, 


5 For instance, if e,(x) is constructed somehow, then one may set es(x) = e,(x/v). 


18 DEFINITION AND SIMPLEST PROPERTIES Ch. I 


of + Bg € S’ for all numbers « and £. In other words, therefore, S’ is 
a linear subspace of K’. 

Convergence may be defined in S’ in analogy with the definition 
in K’, A sequence of functionals f, in S’ converges to a functional f 
in S’ if for every g(x) € S we have 


(fn) > (4): 


Since S contains K it is clear that f,, f in S’ and f, +f in S’ imply 
f, ~f in K’. Thus S’ is contained in K’ together with convergence as 
we have defined it. 

In addition to S there are many other types of test-function spaces 
defined according to how the test functions behave at infinity. We shall 
deal with such spaces in the second volume. 

In this volume the spaces S and S’ will play only a secondary role. 
As a rule we shall deal only with K and K’, and when we wish to refer 
to other spaces, we shall make special note of it. 


2. Differentiation and Integration of Generalized Functions 


2.1. Fundamental Definitions 


It is well known that not all ordinary functions are differentiable, 
that there exist in fact many functions that have no derivative in the 
usual sense of the word. In contradistinction, as we shall show, generalized 
functions always have derivatives (and furthermore of all orders) which 
are also generalized functions. 

In order to define the derivative of a generalized function, we shall 
first consider an ordinary function of a single variable. 

Let f(x) be a continuous function with a continuous first derivative 
(in the usual sense), and consider the functional 


(1's) = fF) o(@) de. 


Integrating by parts and recalling that g(x) is in K so that outside 
some interval [a, 5] it vanishes, we arrive at 


(f',9) =F) o2) | — J fl) o') de = (f, -9°). (1) 


We shall use this equation to define the derivative of a generalized 
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function. Let f be any continuous linear functional on K. Then the 
functional g defined by 
(2,7) = (f, —¢’), (2) 


will be called the derivative of f and be denoted by /’ or df/dx. 
In accordance with our notational convention (Section 1.3) we may 
write f’ also in the form 


[ £°@) ox) de = — | fle) @'@) ax. 2’) 


To show the consistency of this definition we must prove that g is 
also a continuous linear functional on K. We do this as follows. 

First, note that g is defined for all g(x) in K, since if g(x) is in K 
then so is g’(x). It is obvious that g is linear. We need show only that 
it is continuous. 

Consider a sequence of functions 9,(x) (with »v = 1, 2, ...) converging 
to zero in K. Then according to the definition of convergence, the 
sequence —gq,(x) also converges to zero in K. The fact that f is con- 
tinuous then implies that 


(g, P») = (f, —¥,) > 9, 
as asserted. 

Thus every generalized function has a derivative. 

It can be shown that the ordinary rules of differentiation apply also 
to generalized functions. For instance, the derivative of a sum is the 
sum of the derivatives, and a constant can be commuted with the 
derivative operator. 

For the product of an infinitely differentiable function a(x) with a 


generalized function f, the product rule 
(af)’ = a'f + af’ (3) 
remains valid. Indeed, we have 


((af)’, ») = — (a, 9) = — (fh ap’) = — Cf, @e)' — @’9) 
= — (f, (ag)’) + (fag) = (f', ag) + (GF, 9) 
= (4f',~) + (2'f, p) = (of' + af, 9), 
as asserted. 
Consider now the case of several variables. Then the partial derivative 
of a generalized function f with respect to each of the variables may be 
defined as 


(zo.0) = (4-2) (j =1,2,..4 2). (4) 


Ox; 
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As in the case of one variable, the consistency of this definition is 
easily verified. Further, if f is a regular functional corresponding to 
a function f(x, x9, ..., X,) which is continuous and whose partial deri- 
vative with respect to x; is continuous, we again find by integration by 
parts that the functional 8f/0x; corresponds to Af(x, ..., X_)/Ox;. 

Since differentiation of a generalized function yields again a generalized 
function, the process may be continued to partial derivatives of any 
order such as 07//0x,0x,;, 02f/0x,0xj;0x,, etc. 

Thus all generalized functions have derivatives of all orders. 

In particular, every locally summable function ‘has derivatives of all 
orders in the sense of generalized functions. (We remark, however, that 
although the function f may have an ordinary derivative, the functional 
defined by this ordinary derivative need not coincide with the derivative 
of f in the sense of generalized functions.) 

In Volume II (Chapter II, Section 4) we shall prove the converse 
theorem, namely that every generalized function is the derivative of 
some order in the sense of generalized functions of some locally sum- 
mable function (if desired, even a continuous function) or a finite sum 
of such derivatives. 

Mixed derivatives of generalized functions are independent of the 
order of differentiation. For instance, 


arf af 


Ox, OX, OX, Ox," 


This may be seen as follows: 


eae ; 2) os (z. ~ =) ae (F i) = ( ie) 
= (¢ ~~ #) am (sete , °): 


Remark. One may define the derivative of a generalized function 
also as the limit of a certain ratio, a definition which then bears closer 
analogy to that for the ordinary derivative. We shall do this here, 
restricting our considerations for simplicity to the case of a single 
variable. 

Recall that every generalized function f can be translated, say through 
the distance 4x, in accordance with the expression (see Section 1.6) 


(f(x + 4x), ox) = (F@) oe — 4x). (5) 
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We now show that for any generalized function the limit (in the sense 
of generalized functions) of the ratio 


I(x + 4x) — f(x) 


Ax 


(6) 


exists as 4x — 0, and that this limit is exactly the derivative df/dx 
defined above. Consider any function g(x) in K. Then applying (5) to (6) 
we have 
f(x + 4x) — f(x) = p(x — Ax) — ox) 
(Ae 02) = (40, oe). 

Now the expression [g(x — 4x) — ¢(x)]/4x converges to alimit in K as 
Ax — 0, and this limit is —q’(x). Since f is a continuous functional, it 
follows that 


(fea _Ae) , p(2)) > (f@), — »'@)) = (f' 9), 


where f’ is the previously defined derivative of the generalized function f. 
Thus the expression [f(x + 4x) — f(x)]/4x will indeed converge in K’ 
to the functional f’(x), as asserted. 


2.2. Examples for the Case of a Single Variable 


We have seen above that the functional f’ corresponds to the function 
f'(*) if both functions f(x) and f’(x) are continuous. It is easily shown 
that this is true if f(x) is continuous and f’(x) is merely piecewise con- 
tinuous (even if it fails to exist at a finite number of points). In this 
case, in fact, Eq. (1) of Section 2.1 remains valid. 

An even more general condition for the validity of this equation is 
that f(x) be absolutely continuous; as is well known this implies that 
f'(*) exists almost everywhere and is locally summable, and that the 
formula for integration by parts, namely Eq. (1) of Section 2.1, is valid. 

Let us proceed to consider some examples. 


Example 1. Consider the function 


0 for x <0, 


CO Th top aes ©. 


We shall denote the functional corresponding to this function also by 
G(x). According to Eq. (2) of Section 2.1, given any g(x) in K, we have 


(6°), (8) = (A), pe) = — f o(H) de = 90) 
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Then by Section 1.3 it follows that 
6'(x) = 8(x). 
Similarly, it is a simple matter to show that 
6'(x — h) = &(x — h). 


Example 2. Now let f(x) be a piecewise continuous function with 
piecewise continuous derivative f(x) and discontinuities of the first 
kind (jumps) Ay, Ag, ... at x1, %2, ... (Fig. 1). Let f’(x) be defined every- 
where except at these discontinuities, finite in number. Let us obtain 
the derivative of the functional f corresponding to f(x). 


Fic. 1, 


Consider the function 


fil) = f(*) — py hyO(x — X,). (1) 


This function is obviously everywhere continuous and has, except at a 
finite number of points, a derivative equal to f’(x). The regular func- 
tional f, corresponding to f,(x) has, according to what has been said, 
a derivative which coincides with the regular functional corresponding 
to f'(x). Hence differentiation of (1) gives 


L=f > D> Aid(x — Xx); 
k 
from which we arrive at 


f=aft 2, hdl — Xp). 
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Thus we obtain the following result. Let f(x) be a piecewise continuous 
function with piecewise continuous derivative. Then the discontinuity 
h, occurring at the point x, contributes the term A,8(x — x,) to the 
derivative. 

A somewhat different situation arises when f(x) is an ordinary function 
whose derivative f’(x) exists in the usual sense except possibly at 
isolated points, but is not locally summable [for instance, f(x) = 1/x or 
f(x) = In |x |]. For this case the generalized function f’ is formally 
given by the integral 


(1.9) = J £'G) of) de, Q) 


But this integral will in general diverge, and will thus not define a 
functional. 

It will be shown in Appendix 1.4 that the desired functional f’ must 
correspond to the function f’(x) at all points at which f’(x) is locally 
summable. Thus f’ is one of the possible regularizations (see Section 1.7) 
of the integral appearing in (2), in particular the regularization defined by 


[_f@)9@) de =(f,)=-(Le)=—-f feoee@d. — @) 


In Section 1.7 we have seen that the regularization f of a function 
f(x) with nonsummable singularities at isolated points is defined (if it 
exists) only up to an additive arbitrary functional concentrated on 
these points. Equation (3), however, defines a particular preferred 
regularization. It can be shown that this one is in a certain sense the 
natural regularization (see Sections 3.1 and 3.7). 

It would be convenient if we could rewrite (3) in a form containing 
p(x) rather than its derivative. It is often possible to obtain this simpli- 
fication by using the specific form of f(x) to simplify the right-hand 
side of (3). 


Example 3. Let us find the derivative of the generalized function 


0 for «<0, 


x4 for x>0, Sh 


A os 
xt =| 


This function is locally summable, but its ordinary derivative Ax*—? is 
not, and we must thus regularize the divergent integral 


i ; Ax*-lo(x) de. (4) 
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According to the general rule for differentiating a generalized function, 
we have 


(x2), 9) = —@.¢) = — f- x'p'(x) dx = — lim | : xAp'(x) dx. 


Let us integrate by parts, setting y’(x)dx = du, x4 = v,u = g(x) + C. 
We obtain. 


(4), 9) = — lim [Fale + C1" — J aeAEgle) + C] de]. 


The first term in the expression whose limit we are taking itself has 
limit zero as « — 0 if we set C equal to —¢(0). Let us choose C accord- 
ingly, thus obtaining 


((3)', 9) = lim [ Ax*o(s) — 9(0)] dx 


= fF fol) — 9(0)] ax a (3) 


which is then the desired rule for assigning meaning to the integral in (4). 
In our case, as we see, the rule consists of replacing y(x) by p(x) — (0) 
in the integrand, which causes the integral to converge at x = 0 (without 
disturbing its convergence at infinity). The generalized function defined 
by (5) is conveniently denoted Ax‘, so that we may write 


(4)! = Axi. 


Now Ax‘-* is no longer a regular functional. For x 4 0, however, 
it nevertheless coincides with a regular functional, for according to (5) 
if g(x) is a function which vanishes at x = 0, the functional under dis- 
cussion behaves like the ordinary function Ax‘~’. 


Example 4. It is somewhat more difficult to calculate the derivative 
of the generalized function 


0 for x <0, 


Inx, = Inx for x>0. 


Here formal differentiation 
roy — f° _9*) 
((In x,)', 9) = f ee de (6) 
leads again to a divergent result. This divergent integral cannot be 


regularized by replacing 9(x) by (x) — (0), since this replacement 
causes the integral to diverge at infinity. 
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Proceeding, however, as in the preceding example, we obtain 
((n x4)’, 9) = — (In ty, 9’) = — f Inx g(x) ds 
= — lim ii In x p(x) dx = — lim [In x (a) " — — dx] 


lig [—9(@ ne — [22 ae 


Now we may replace — (ce) Ine by — (0) Ine, since the limit of the 
difference, namely the limit of {p(e) — ¢(0)] In e is zero. Further, 


— f 9 4 _ 6° _9@) a — «) 
—9(0) Ine = [ oa = ) inet ana 
where 6(x) is defined in Example |. The result may thus be written in 
the form e 
(In x4)’, ») = lim | As) — WO) AE =) de 


_ i = 9(0) AC — x) aes 
0 x 


which is then the desired rule for regularizing the integral of (6). We 
see that this rule leads to convergence of the integral at x = 0 without 
destroying the convergence at infinity. 

As in the preceding example, the functional obtained is not regular 
throughout its region of definition. It nevertheless coincides with the 
ordinary functional 1/x for x > 0. 


Example 5. Let us now find the derivative of the generalized func- 
tion In | x |. To do this we must regularize the integral i [p(x)/x] dx. 

This problem could be solved by combining the rules we have already 
obtained for the derivatives of In x, and In (—x),. It is simpler, however, 
to proceed directly in the following way: 


(ELE! oa)) = (in| x |, —'@) 
=—f[ In| x|9'(x) dx = — lim [ In | x | p(x) dx 
0 €~0 lal >e 


= lim Jin | «| 98) |" + In|} (a) | — f halal 


Ja] >e x 
<siaa WH) ae 


€~0 lz] >e x 
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What we have obtained is the well-known Cauchy principal value of 
the integral of (x)/x. We shall denote this merely by im [p(x)/x] dx, 
and the corresponding generalized function simply by 1/x. Thus 


din|«|__ 1 
ax ok 


This newly defined functional 1/x is not regular; it nevertheless corre- 
sponds to the ordinary function 1/x for x 4 0. 

This same functional can also be defined otherwise by a formula 
which coincides in an obvious way with the above result, but contains 
only a convergent integral, namely 


(AGLI 9) = [w= 


Example 6. Let us find the derivative of the generalized function 
In (x + 120) defined by 


In (x + 70) = Jim In (x + iy). 


Writing In (x + zy) in the form In| x + zy| +7 arg (x + zy) and 
passing to the limit, we see that 


In (x +70) = In| x | + t76(—x). 
According to Example 2, 6’(x) = 8(x). From the fact that 0(x)+6(—x)=1 
one may derive the fact that 6’(—x) = —8(x). Therefore 
d d . a Loss 
7, in +70) = 7 |x| + tm = {—*) ak a i7r8(x), 


where 1/x is the generalized function defined in Example 5. Compare 
this result also with that of Example 4 of Section 2.4. 


Example 7. Finally, let us obtain the derivative of the delta function. 
In an obvious way we have 


(8'(x — h), p) = ((% — h), —9') = —e'(h) 
and in general 


(8x — A), yp) = (—1)feM"(A) (Rk = 1,2, ...); 


so that in the notation introduced in Section 1.3, 


[ 8 — h) g(x) de = (—1)*p™@), 
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2.3. Examples for the Case of Several Variables 


We note first that if f(x) is a continuous function with piecewise 
continuous partial derivatives, the derivatives of the regular functional 
corresponding to f(x) are regular functionals corresponding to the 
appropriate derivatives. 


Example 1. Let f(x) be a function with continuous derivatives in a 
region G of the x,, x, plane bounded by a piecewise smooth curve I. 
We shall assume that f(x) vanishes outside of G and that it is discontinuous 
across I. Let us obtain an expression for the functional 0f/@x,. For any 
g in K we have, from the general rule, 


( a ») = (4, — , as P| a aes (%1; %2) oP La dx, dXp. 


Integration over x, by parts gives 


ff fs) PG) ds, dre =f | fr mole | 


= c Of (xy X2) 


Ox P(%1 Hp) dx, diy 
1 


= | Sie» 2) £08 (1, %2)p(%1 #2) dy 
2 i of es Xa) 


P(X1, Xg) dx, dxp, 


where (7, x.) is the angle between the normal and the x, axis at the 
point (x,,x,) on I’. Thus 8f/@x, is the sum of the regular functional 
corresponding to Of(x,, x,)/@x,, and a singular one which arises from the 
discontinuity in f(x,, x.) on crossing I’. A similar result holds in a space 
of any dimensionality. 

Green’s well-known theorem 


lI. Ff (%1) %2) Ap (%1, %_) dry div 
=[f Allen dolar x) dx, dey + f (132 — Zoey 
(here 4 is the Laplacian) may be interpreted in the following way, using 
the equation (4f, yp) = (f, 4p). Let f be a generalized function coin- 


ciding in a region G with an ordinary locally summable function f(x, x2) 
and vanishing elsewhere. Then the generalized function 4f is the sum 
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of a regular functional corresponding to the function 4f(x,, x.) in G 
and two singular functionals arising from the discontinuities in f and 
éf/én on crossing the boundary of G. A similar result holds in a space 
of any dimensionality. 

In Chapter III, Section 1.4 we shall give an independent proof of 
this type of relation on the basis of certain generalized functions which 
we shall call 6(P) and which are similar to the ordinary delta function. 


Example 2. Consider the Laplacian in three-space applied to 
the regular functional corresponding to the function 1/r (where 
7? = xi + x3 + x9). 

We note that 1/r is a harmonic function in any region which does 
not contain the origin, i.e., that 4(1/r) vanishes (in the ordinary sense) 
for all ry + 0. For the case of generalized functions we have 


(2L se) — (Loe) = ff [42 do mm ff FAP 


Now let us apply Green’s theorem (Example 1) to this integral, choosing 
G to be the spherical shell e < r < a where a is so large that forr < a 
our function g(x) vanishes identically. Then 


[ff team [ffoaduo— [fetus | Jodha 
where ds is the element of area on the sphere r = «. Now 


[ fo abe =o 


rBe 


since Outside the ball 7 < « the function 1/r is harmonic. As for the 


other terms,} 
[lees f [He = 00. 


[femre= — a | [oa = — ano), 


T=8€ 


where S.(y) is the mean value of g(x) on the sphere of radius ¢. In the 
limit as « > 0, of course, S.(p~) — ¢(0), so that 


(4 -, 9) = lim | | | ae dv = — 40) = — 4n(8(x), (x) ). 


1 Here y = O(x) means that y/x is bounded. 
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Hence we may write 


A* = — 4n8(2). (1) 


A similar calculation for dimension m > 3 leads to the result 


1 


a 


— (n — 2)2,8(x), 
where 22, is the hypersurface area of the unit sphere in m-space. For 
n = 2, however, 


4 In = — 278(x) 


Later (Chapter III, Section 3.3) we shall give some general rules 
for differentiating functions whose derivatives are not locally 
summable. These rules can be used to obtain formulas of the form of 
Eq. (1) in an automatic way [e.g., 4(1/r) can be calculated as the sum 
of second derivatives of 1/r]. 


2.4. Differentiation as a Continuous Operation 


Consider a sequence fj, f,, ..., f,, ... of generalized functions which 
converges to the generalized function f. We assert that the sequence of 
derivatives @f,/@x; converges to f/x; This is immediately obvious, 
since for any g(x) in K we have 


(Be s9) = (fm — 2) (4, - 2)- (Ly), 


as asserted. 

Similarly, a series h, + hg +... + A, +... of generalized functions 
which converges to the generalized function g can be differentiated 
term by term. In other words, one may write 


hy thyt+.. tA +... =e’. 


In classical analysis such theorems do not hold, for the derivatives of 
a convergent sequence of differentiable functions will not in general 
converge. Consider, for instance, the sequence f,(x) = v1 sin vx on 
the real axis, which converges uniformly to zero. The derivatives 
f(x) = cos vx of this sequence fail to converge in the classical sense; 
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in particular, they do not converge to the derivative of the limit. But 
in the sense of generalized functions, the f{(x) converge, and furthermore 
to zero. We know this to be generally true, and in this particular case 
we may see this from the direct calculation 


(f),") = | “00s vx p(x) dx = : f sin ve p(x) dx > 0, 


where [—a, a] is any interval containing the support of g(x). Moreover, 
the sequences f,’ = —vsinvx, f}"’ = —v? cosvx (v = 1, 2,...), and 
higher derivatives also converge to zero in the sense of generalized 


functions. 


Example 1. Fourier series expansion of a periodic function. Let f(x) 
be a locally summable periodic function with period 27, and let its 
(Fourier coefficients) c, be defined by the classical formulas 


LP ic\e-tne 
on = = | ; Sf (x)e-*"* dx. 


We then assert that the Fourier series D_,, c,e** converges (in the sense 
of generalized functions) to f(x). Indeed, according to a well-known 
theorem of analysis? the formally integrated series 


=e — C. 
1 in = in 


converges uniformly to an absolutely continuous function F(x) whose 
derivative is equal almost everywhere to f(x). Then the equation 


-1 be 
F(x) =D shee + gx 12 


can be differentiated term by term to yield f(x) = D_, c,e™, as 
asserted. 


Example 2. Any series of the form L_,, a,e’"* whose coefficients 
increase no faster than some power of m as | m | — © converges in the 
sense of generalized functions. This follows from the fact that the 
series can be obtained by a sufficient number of term-by-term differen- 
tiations of D”., [a,/(in)*] e™", which is known to converge uniformly 
for sufficiently high . 


2A. Zygmund, ‘‘Trigonometrical Series,” p. 27 (2.621). Chelsea, New York, 1952. 


2.4 Differentiation and Integration 31 


Example 3. It is a well-known fact that the series sin x + 4sin 2x + 
4sin 3x + ... converges to a function equal to (7 — x)/2 for0 < x < 27 
and periodic with period 27 for the rest of the real axis, and further that 
the finite partial sums of this series are uniformly bounded.? Thus 
this series converges also in the sense of generalized functions [see 
Section 1.8, requirement (a)]. By differentiating this series we obtain 
the following expressions: 


cos x + cos 2x + ... + cosnx +... = —3+7 > a(« — 2x), 
sinx + 2sin2x+..+nsinnx+..=—7 >, 8'(« — 2nn), (1) 
cos x + 4cos2x +... +m cosnx+..=—7 >, 8"(« — 2nn), 


. e ° . * . ° ° . * ° . . . 


If we use Euler’s formula to write out the cosine in the first of these 
equations, we obtain 


Le + et 4 pee et eter 4 = ay 5(x — zn). (2) 


Now let us apply this to some function g(x) in K, recalling that* 


(e*, o(e)) = fo oledert* de = Y(— 2) 


is the Fourier transform of p(x) at the point —. This leads to the relation 


>, ln) = 2 >, vlan), 


which is called Poisson’s formula.’ We have proven this only for func- 
tions ¢(x) in K, but by using limiting operations we could extend this 
result to a wider class of functions, such as for instance those which, 
together with their first derivative, are absolutely integrable. 


3 Fikhtengofts (Fichtenholz), ‘‘A Course in Differential and Integral Calculus,” 
Vol. III, p. 539 (in Russian). Gostekhizdat, 1949. Henceforth we shall refer to this book 
simply as Fikhtengolts, ‘‘Calculus.” See also K. Knopp, ‘‘Theory and Application of 
Infinite Series,””’ p. 375. Blackie & Son, London, 1928. 

4 Since e* is a complex function, we use Eq. (1) of Section 1.9. 

5 See, for instance, E. C. Titchmarsh, ‘‘Introduction to the Theory of Fourier Integrals,”’ 
p. 60. Oxford Univ. Press, London and New York, 1937. 
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Similarly, the well-known relation® 


ee oe 4 oon 


= —In|2sin 5] (3) 


can be differentiated to obtain new trigonometric series. By formal 
differentiation we obtain 


sin x + sin 2x + sin 3x + ... = 5 oot 5, 
cos x + 2 cos 2x + 3 cos 3x + = 5 (cot *) = see (4) 
my 2 4 sin? (x/2)’ 


sins + 4sin 2x + 9 sin 3x +... = 3 ( 5) __ 1 cos (x/2) 


~ 4 sin’ (x/2) ’ 


° . . . . . . . . . . . ° . . . . . . 


However, cot (x/2) is not locally summable, and the integral 


Ae cot = 5 #(%) dx 


will in general diverge. In Section 3.7 we shall find the generalized 
functions corresponding to the ordinary functions on the right-hand 
side of (4). We shall find that the one corresponding to — 4[sin%(x/2)]— 
will be the derivative of that corresponding to 4 cot (x/2), etc. In other 
words, Eqs. (4) will be given meaning in terms of generalized functions. 
Equations (1) and (4) can be used to separate out the singularities of 
a trigonometric series of the form (a, cos mx + 6, sin mx), whose 
coefficients are given, for instance, by expressions of the form 


ae Yn 
n2? 


Gy = ayn® + on, m1 +. + ay + — 


b, = B,n? + B,n? +... + Bo + ba + 2s 7 ’ 


where a, and 8; are constants, and {y,} and {5,} are bounded sequences 
of numbers.’ 


® Fikhtengolts, “Calculus,”’ Vol. III, p. 550. See also K. Knopp, “Theory and Applica- 
tion of Infinite Series,” p. 378. Blackie & Son, London, 1928. 

7Cf. V. I. Smirnov, ‘‘Lehrgang der héheren Mathematik,” p. 416. VEB Deutscher 
Verlag der Wissenschaften, Berlin, 1955. Henceforth we shall refer to this work as 
Smirnov, ‘Higher Math.” 
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Example 4. Consider the functional f defined by 


In | x | + a7 for x < 0, 


In ( + 10) = Inx for x > 0. 


It is seen from the definition that this is the limit as y > 0 of the function 
In (x + zy), analytic in the upper half-plane. Let us verify that the 
relation 


In (x + 10) = lim In (« + ty) 


is true also in the sense of convergence of generalized functions. For 
fixed y > 0 we have 


BA 


In (x + ty) = stn (x? + y?) + 7 arctan 2 


which converges to In (x + 70) as y — 0 with the following two proper- 
ties: 


(a) The first term on the right converges, decreasing monotonically 
to In | x |. 
(b) The second term has modulus bounded by 7 and converges to 


in for x < 0, 


oa O for x > 0. 


Thus, according to Section 1.8, In (* + iy) > In(x« + 720) in the 
sense of generalized functions. 
Now the derivative of In |x| is 1/x, and the derivative of h(x) is 


—im8(x) (Section 2.2, Examples 5 and 2). This leads again to the result 
of Example 6, Section 2.2, namely, 


4 In (x + 70) = - — i78(x) 
Since, on the other hand, differentiation is a continuous operation, 
d , . a : : 1 
—_— — _— + — —_ 
zee a) ae eo) = ee ey 
We thus arrive at the interesting result 


L _ in8(x), (5) 


lim —————— 
y>+0 % + ty x 
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which may be interpreted as follows. Let p(x) be any function in K; then 


. 7 p(x) _ ¢? 9x) _; 
lim, fo Paine [7% ~ #9) 


where the integral on the right is understood as the Cauchy principal 
value (see Section 2.2, Example 5). 


2.5. Delta-Convergent Sequences 


There are many ways to construct a sequence of regular functions 
which converge to the 6 function. All that is needed is that the corre- 
sponding ordinary functions f/,(x) form what we shall call a delta- 
convergent sequence, which means that they must possess the following 
two properties. 


(a) For any M > 0 and for|a|< M and|b| < M, the quantities 


Lf 4) a | 


must be bounded by a constant independent of a, , or v (in other 
words, depending only on M). 


(b) For any fixed nonvanishing a and b, we must have 


a ix (0 fora<b <Oand0 <a <6, 
lim [ f4€) a =} fora <0 <b. 

Let f,(x) be such a delta-convergent sequence. Consider also the 
sequence of primitive functions 


Fx) = [ fle) a8. 


It follows simply from the two properties of a delta-convergent 
sequence that as v is allowed to increase the F(x) converge to zero for 
x <Q, and to one for x > 0. Moreover, these functions are uniformly 
bounded (in v) in every interval. This implies that the F,(x) converge 
in the sense of generalized functions to (x), which is equal to 0 for 
x <Q and to I for x > 0. Then in the sense of generalized functions 
the sequence f,(x) = F{(x) converges to 6’(x) = S(x), as asserted. 
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Example 1. Consider the function 


fx) = —— re 7 (e > 0). 


Figure 2 is a graph of this function for two values of «. Now from the 
integral 
b 
f SA(x)dx = - * Jarctan - — — arctan =| 


Fic. 2. 


for a # b it is easily verified that the f(x) fulfill the two requirements 
of a delta-convergent sequence. Thus as « — 0, 


Bs Peete 
aw x2 + 2 


8(x). (1) 


The same result is obtained by recalling that 


1 € 1 1 


a wo eee. 
so that from Eq. (5) of Section 2.4, we obtain 


1 € 1 1 
eg ge eae 


as above. 
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The derivatives with respect to x of a delta-convergent sequence 
give sequences which converge to the derivatives of the delta function. 
For instance, Eq. (1) implies that 

2 €x ; 
ear (TP aa 5'(x) (2) 
and similar results. Figure 3 is a graph of the function on the left-hand 
side of Eq. (2) for two values of e. 


Fic. 3. 


Example 2. Consider the function 


1 x? 
fi) = s7e (— 4) E> 0. 


We shall show that as t — 0 this function converges to the 6 function. 
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We remark first that f(x) > 0, so that® for any a and b 


[ filx)dx < o5 fe exp (- =) dx = 1, 


We now make the substitution of variables x/4/t = y; then we see that 
fora <0 <4, 


(ie exp (— y) dy = 1. 


lim af fix) dx = lim 
a/vt 


we 


We note further that for any 5-> 0 the integrals 


“ vi 
sae J, (- Fr) <a J ee (-F ee =e (-@) 


converge to zero as t-> Q. A similar result holds for the integral over 
any segment (—~, a) with a < 0. Thus the f,(x) are a delta-convergent 
sequence, so that 


1 x 
Example 3. Consider the function 
fey = B® E<r<a) 


whose graph is shown in Fig. 4 for two values of v. We shall show that 
as vy» © this function converges to the 6 function. 


Fic. 4. 


® Fikhtengolts, ‘Calculus,’ Vol. II, p. 624. See also R. Courant, ‘‘Differential and 
Integral Calculus,” Vol. I, p. 496. Interscience, New York, 1959. 
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It is well known that® 


Foe) ae = 


Further, for any 6 > a > 0, the integrals 


ea 


i by gj 
sin YF gx = * | siny 4 


x TWlay 


[ £60) de = 2 


converge to zero as vy > &. A similar result will obviously hold true 
for the integral from a to 6 for a < 6 < 0. Further, 


|— f [ 2 ae|=|=f "aD ay 


is bounded uniformly in a and 6 for all v. Hence the f,(x) are a delta- 
convergent sequence: 


lim + 22% — a(x), (4) 


Now z7l[sin (vx)/x] can be written as the integral of (27)—e* over 
é from —v to v. Then we can formulate the above result in the 
following way: in the sense of convergence in K’ 


lim [° effe dé = 2n8(x). (5) 
The left-hand side of this equation is the Fourier transform of unity. 
(We shall discuss Fourier transforms in more detail from a different 
point of view in Chapter II. Compare the remark at the end of Section 3 
of Chapter II.) 

By differentiating this relation with respect to x we obtain the new 
and even more interesting results 


lim [et de = 2n8'(), (6 
lim [” (eytette df = 2n8"(x) (7) 


and others of higher orders. We may, in fact, assert quite generally 
that every locally summable function f(x) which, as | x | > ©, increases 


® Fikhtengolts, “Calculus,” Vol. II, p. 625. See also R. Courant, ‘‘Differential and 
Integral Calculus,” Vol. I, p. 450. Interscience, New York, 1959. 
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no faster than some power of | x| has a Fourier transform in the sense 
of generalized functions, and this Fourier transform is given by the 
limit as v — © of 


| i. f(edett= dé. 


Indeed, we may always write f(€) in the form (& + 1)" f,(€) where 
Jo(€) is a summable function and has an ordinary Fourier transform, 
so that the limit 


lim [ folé)ei** a = Go(x) 


exists. Moreover, the convergence in this equation is uniform in x in 
any bounded region, so that the convergence holds also in K’. We now 
apply the operator (—d?/dx* + 1)™ to both sides, and recall that 
differentiation is a continuous operation. From this it follows that the 
limit 

. ” : d2 m 

ty [toe at = (Be +1)" 6 


exists, as asserted. 


2.6. Differential Equations for Generalized Functions 


The operations that we have established for generalized functions, 
namely differentiation, multiplication by a function, and addition, can 
be used to write differential expressions of the form 


ay(x)y'™(x) + ay(x)y'™U(x) +... + aa(x)y(x) — B(x), 


where a,(x), a,(x), .... @,(x) are given infinitely differentiable functions, 
and y(x) and 4(x) are generalized functions. If such an expression is set 
equal to zero, we obtain an ordinary linear differential equation of 
mth order for the generalized function y(x). We then wish to obtain 
the set of all solutions of such an equation. 

Let us start by considering the particularly simple equation 


dy 
7p =O (1) 


We shall show that this equation, treated as an equation for a generalized 
function, has the general solution y = C, a constant. 
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Equation (1) can be written in the form 
(y', 9) =(y, — 9’) =0 (2) 


for any g(x) in K. But this then defines the functional y on the set , 
of those functions of K that can be written as the derivatives of other 
functions in K. We need now to analyze the way in which this functional 
y can be extended from @, to all of K. 

It is easily established that p,(x) in K can be written as the derivative 
of some other function in K if and only if 


i . po(x*) dx = 0. (3) 


The proof follows. First, assume 9(x) = (x). Then it follows that 


[-_ 9) de = 9) =0. 
Now assume (3) to hold. Then we set 
wile) = [_ vol€) af, 
and we have only to show that ¢,(x) is in K. But this is obvious, for the 
infinite differentiability of g(x) implies that of g,(x), and Eq. (3) implies 


that it has bounded support. 
Now let ¢,(x) be some fixed function in K such that 


ie 9, (x) dx = 1. 
Then any ¢(x) in K can be written in the form 
ole) = ele) fe) de + Pol) 
where g(x) obviously satisfies Eq. (3). This means that if the desired 


functional y us defined only on ¢,(x), its value on any (x) in K will 
be automatically defined by 


(9) =(re) [_ oe) de. (4) 


For instance, let (y, g,) = C, be any constant. Then from Eq. (4) 
we have 


(9) = Cr f° oe)de =f Crp(e) de, 
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which means that y is the constant generalized function C, as asserted. 
We thus see that the differential equation (1) has no solutions in the 
class of generalized functions that it does not have also in the classical 
functions. 


Example. We wish to show that the generalized function f invariant 
with respect to translation on the line is a constant. For this case we have 


f(x + 4x) — f(x) = 0, 


Meena 7e) 


Ax 


whence 
f(x) = 


But we have seen above that then f(x) = const, as asserted. 
It can be shown that any system of homogeneous equations of the form 


dy, 
a = any me o+ QmV¥m 
* © © #© © © © © 8 6 (5) 


* * * ° * . e . * ° ° 


dm 
oe = Amy Vy + we + @mmVm 


where the a,; are infinitely differentiable functions of x, also has no 
solutions in generalized functions other than the classical ones. A similar 
situation holds also for a single higher order equation of the form 


y™ + a(x” +. + an(x)y = 0 


with infinitely differentiable coefficients, as well as for any system of 
such equations. 

These assertions may be proved by the method sketched below: For 
convenience we write Eqs. (5) in the vector form? 


d 
a= Ay, A=llay|l. 

Let U = || uf(x) || be the matrix formed by a fundamental set of 
(ordinary) solutions of (5). Then U is nonsingular. Now let us transform 
from the variable y to z according to the equation y = Uz. Inserting 
this into (5), we have 


24S = AUz 


10See F. R. Gantmakher, ‘‘Applications of the Theory of Matrices,’’ Chapter IV. 
Interscience, New York, 1959. 
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or, since dU/dx = AU, 


Multiplying on the left by U-1, we obtain the separated system 


7 


We have seen that this implies z = const. This means that y = Uz 
is a linear combination of the solutions that make up U, which thus 
form a complete set. 

The remaining assertions follow from this, since any equation of 
higher order as well as any system of such equations can be replaced 
by an equivalent system of first order. 


Remark. As opposed to what we have been saying, if the coefficients 
of the equations have singularities, new solutions may occur in generalized 
functions, while classical solutions may disappear. 


Example 1. Consider the first-order equation 


Its solution must be a constant for x < 0 and x > 0. Thus it has the 
two linearly independent solutions 


y= 1, Yo = Hx). 


Example 2. The equation 
— Ixy’ = y 
has only the single solution 
y=0 


in generalized functions. This is because for x #4 0 the generalized 
solution must coincide with the classical one y = C exp (x-*) with 
either C 4 0 or C = O. The first of these alternatives is impossible, 
however, since according to Section 1.7 the integral 


| exp (x?) p(x) dx 


cannot be regularized. 
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EXISTENCE OF THE PRIMITIVE FUNCTION 


Consider the very simple inhomogeneous equation 


4 (6) 


dx k 
where f is a given generalized function and we wish to find g. 

We shall show that for arbitrary f Eq. (6) has a solution in the class 
of generalized functions. This solution is called, quite naturally, the 
primitive or the indefinite integral of the generalized function f, and 
we then write 


£g= | fax. 
Equation (6) may be written 
(g, —9) =(h 9) 


for every g in K. But this then means that the functional g is defined 
for every % in K which is the derivative of some other function @ in K; 
in other words, g is defined on the set ®, defined earlier. We now wish 
to extend g to all of K. This can be done, for instance, by considering 
first some ¢,(x) in K such that im g(x) dx = | and writing any 9 in 
K in the form 


io a] 
e=a] pdx + Ho 


where gy is in ®). In this way with every m we associate uniquely its 
“projection” g, onto ®. We now define 


(So ) = (8) Po) (7) 


It is easily shown that this new functional g, is linear and continuous. 

The general solution of (6) is obtained by adding to the particular 

solution we have found a general solution of the homogeneous equation, 

and it follows from the previous results that this latter isg, = C = const. 
Thus any solution of (6) can be written 


=H +C, 


where g, is defined by (7). 
The general solution of the inhomogeneous system 


dy; < . 
dx 25 Dy 2:0 =f; (¢ = 1,2,..., m), (8) 
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where the f; are generalized functions and the a,, are ordinary infinitely 
differentiable functions, can be reduced to the solution of an equation 
of the form of (6). 

Indeed, again writing y = Uz, where U is the matrix formed by a 
fundamental set of solutions of the corresponding homogeneous system 
(f, = 0), we arrive at U dz/dx = f or dz/dx = Uf. In this new set 
of equations the variables are separated: each of the equations is of the 
form of (6). 

Finally, the inhomogeneous equation of higher order 


Ye) pay Hae + Amy = f (9) 


(where the a, are infinitely differentiable functions and fis any generalized 
function) reduces to a system of the same form as (8) when one writes 


¥=)> Ya = yo ma = 


Thus again the problem can be reduced to solving an equation of the 
form of (6). 


2.7. Differentiation in § 


In Section 1.10 we defined the test-function space S. Recall that S 
is the space of infinitely differentiable functions (x) satisfying inequali- 
ties of the form 

| x¥pla(x)| << Cr (k,9 =0,1,2,...). 


We have seen that the space S’ of continuous linear functionals on S$ 
is a subspace of K’, the continuous linear functionals on K. 

We wish to show that f € S’ implies that the derivative of f is in S’. 
For simplicity we consider the case of only a single variable. We note 
first that g(x) € S implied that the derivative y’(x) € S; further, y, > 0 
in S implies ¢}(x) > 0 in S. Thus the functional f’ defined by 


(9) =—he) 


is again a continuous linear functional in S. 

But it is clear that when restricted to K this functional coincides 
with the derivative of f. In other words, the derivative f’ of f restricted 
to K can be extended to S together with f, which is what was asserted. 
The generalization of this result to higher derivatives and to several 
variables presents no difficulties. 
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We have seen before how all regular functionals corresponding to 
functions increasing no faster than some power of the variable (which 
we shall call slowly increasing functions) can be extended from K to S. 
We now see that this is true also of the derivatives of such functionals. 
We shall see in Volume II (Chapter II, Section 4) that every continuous 
linear functional on S can be obtained by applying some differential 
operator to a slowly increasing function. 


3. Regularization of Functions with Algebraic Singularities 
3.1. Statement of the Problem 


Of the functions with nonsummable singularities at isolated points, 
the most important are those with algebraic singularities. These are 
functions which, as x approaches the singular point x9, increase no 
faster than some power of I|/| x — x, |. In this section we shall construct 
the generalized functions corresponding to a rather broad class of such 
functions. 

Recall the definition of regularization, as given in Section 1.7. The 
regularization of an integral 


| fe)\o@)ae (1) 


or of a function f(x) with, in general, locally nonsummable singular 
points was defined as the functional f given by (1) for those g(x) in K 
which vanish in a neighborhood of the singular points of f(x). It was shown 
in Section 1.7 that every f(x) with algebraic singularities (but with at 
most a finite number of them in any finite region) can be regularized. 
Moreover, this regularization is determined only up to an additive 
functional concentrated on the singularities of f(x). 

From this point of view the content of most of the present section 
may be summarized as follows. For a large class of functions of a single 
variable with algebraic singularities we obtain the regularization which 
is natural in the sense that the sum of two ordinary functions corresponds 
to the sum of their regularizations, the ordinary derivative of a function 
to the derivative of its regularization, and the product of a function with 
an infinitely differentiable function A(x) to the product of its regulariza- 
tion with h(x). 

We shall start, however, with certain specific particularly important 
functions, putting off until Section 3.7 the more general considerations 
and the more complete proofs of the properties we shall be discussing. 
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As an example of a function with the type of singularity under discus- 
sion, consider 
_§ | 0 for x <0, 
for x > 0. 


The corresponding generalized function has already been constructed 
in Example 3 of Section 2.2, namely 


(x78, 9) = [ MSO a. Q) 


The basis for this construction was the fact that in the sense of generalized 
functions —4x-;? should be the derivative of x;#, that is, of the regular 
functional corresponding to the ordinary function 


xz _ for x <0, 
vt for x > 0. 


We saw from other examples in Section 2 that similar considerations 
often make it possible to construct a generalized function corresponding 
to a given ordinary function with an algebraic singularity. 

Another way to obtain the result of (2) is by analytic continuation. 
It is essentially this method that we shall use. Before explaining its 
underlying principle, we make the following definition. Consider a 
generalized function f, depending on a parameter A running over some 
open region A in the complex A plane. Then f, is called an analytic 
function of » in A if (fi, y) is an analytic function of A for all g in K. 

The properties of generalized analytic functions are similar to those 
of ordinary ones. For instance, if the derivative df,/dA of f, is defined as 


lim fazaa—hh 


(in the sense of Section 1.8) it follows that f, is analytic with respect 
to A in A if and only if df,/dA exists at every point of A. Moreover, the 
analogs of the classical theorems on the Taylor’s and Laurent series, 
on analytic continuation, etc., remain valid. These theorems will be 
found in Appendix 2 at the end of this chapter. 

The analytic continuation method is the following. Let fi(x) be a 
locally summable function (of x) when A is in some region A of the 
complex plane, but not in general otherwise. Further, for A € A let 
(fi, p) be analytic for every g(x) in K, and assume that it can be extended 
analytically to a wider region A, independent of g(x). Then with the 
function f; (x) for Ay € A, — A we may associate the functional (f,,, p) 
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obtained by analytic continuation of (fi, g) out of A. In other words 
we shall write 

[ fa@)e@) dx = anal gont | fx(x)p(x) ae. 
For instance, to define the generalized function x; we shall consider 


a =| for x <0, 
+t x for x >0. 


For Re A > —1 this is the regular functional given by 


(xd, 9) = | x4p(2) ae. (3) 


Now (3) is a function which is obviously analytic in A, for its derivative 
with respect to A is 


i x4 In x (x) dx, 
0 
Let us rewrite the right-hand side of (3) in the form 


a = a (0) 

[ x4[ p(x) wO)] de + f pla) dx + FO. 

The first term here is defined for Re A > —2, the second for all A, 

and the third for A 4 —1. Thus the functional defined in (3) can be 

analytically continued to ReA > —2, A —I. In particular, for 
A = —# we have 


1 ros) 
(4, of) = [a Ae(e) — (0)] dx + [ a-to(x) de — 29). ) 
The right-hand side of (4) agrees with that of (2), since in general 


1 ne 
—~— =| x dx. 
A+1 | ; 
It is, of course, possible to write the dependence on the parameter in 
a different way and by analytic continuation to obtain an entirely 
different result. For instance, 


A+ % 
P+At# 


xa 
+ 


—> x7? + 8(x) as A+ — 3 


7 


(see Section 2.5). 
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It should be emphasized that the specific method used to arrive at 
definitions such as (2) and (4) is actually only of secondary interest; 
it plays only an auxiliary role. The method is only the means, whereas 
the end is the definition itself, and as in (2) and (4) this definition has 
meaning in and of itself, independent of the method used to arrive at it. 


3.2. The Generalized Functions x4 and x4 


Consider the function x’ equal to x4 for x > 0, and to zero for x < 0. 
We wish to construct and : study the generalized function corresponding 
to it. As has already been ‘described, the regular functional 


(x4, 9) = [ x49(#) de, (1) 


defined by x1 for Re A > —1 can be analytically continued to Re A > —2 
A #~ —I1 by means of the identity 


[° s4o(a) dx = [= p(2) — o(0)] de + f° x4p(e) ax +2) Q) 
valid for Re A > —1. Specifically, for Re A > —2, A 4 —1, the right- 
hand side exists and defines a regularization of the integral on the 
left. In other words, if —2 < ReA < —l, A # —1 and if the test 
function vanishes in a neighborhood of the identity, what remains on 
the right is fr x4qp(x) dx. 

We may ” proceed an and continue x4 into the region 
Reda > —n—1,A#z-l, , —n to obtain 


f° #08) de = [ x'[o(2) — 9(0) — 9°) — -. — gy oO) ae 


+f pls) de + Gra cw: (3) 


Here again the right-hand side regularizes the integral on the left. This 
defines the generalized function x4 for all A 4 —1, —2,.... 

In any strip of the form —n — 1 < RedA < —n, Eq. (3) can be 
written in the simpler form 


(#2, 9) = [= [p(e) — 90) — #9'0) —.. pro] de, (4) 
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as follows from the fact that for 1 <k <n 


1 
ae rey (5) 


oO 
| xatk-l dy = 
1 


Equation (3) shows that when we treat (x1, m) as a function of A, it 


has simple poles at A = —1, —2,..., and that its residue at A = —k 
is g*-I(0)/(k — I)! Since g'*-0(0) = (—1)*-Y(8*-0(x), g(x), we 
may say that the functional x4 itself has a simple pole at A = —R, 
and that the residue there is 

(—1)" (k-1) = 

eae) = 1,2) 


Let us now calculate dx4/dx. For Re A > 0, we have the obvious 
relation dx /dx = Ax‘, or (x1, p(x)) = —(Axt”, o(x)). Since both 
sides of this last equation can be analytically continued to the entire 
plane (except for the points —I, —2, ...), uniqueness of analytic 
continuation implies that the equation will hold in the entire plane. Thus 

dx, 


7 — Axa-1 (A = —l, —2, seas 


For instance, for —1 < A < 0 we have 
da 4-1 ee 
(Fe th) = Cat, @) = [ deIp(x) — o(O)] ae. 


We have already derived this formula in a different way in Section 2.2. 
In Section 4 we shall expand x4 in a Taylor’s series in the neighbor- 
hood of a regular point, and in a Laurent series in the neighborhood 
of a pole. 
Let us now consider the generalized function corresponding to 


Pe eas for x <0, 
ory for x > 0. 


For Re A > —1, this function defines a regular functional given by 


(0) =f | Ape) de (6) 


This functional can be continued to the half-plane ReA < —I in 
the same way as was x1. It is simplest to replace x by —x, writing 
(x4, p) in the form 


(x2, 9(4)) = [ x%9(— ) de = (#4, o(— 4). 
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With this equation we can immediately transfer all the results obtained 
for x to this new functional x4 merely by replacing g(x) in the appro- 
priate expressions by g(—x). Then where ¢'?)(0) appears in these 
expressions, we replace it by (—1)’p'?(0). We thus see that the general- 
ized function x’, like x1, exists and is analytic in the entire A plane 
except for A = —1I, —2,... and that at A = —k it has a simple pole 
with residue 8'*-))(x)/(k — 1)!. 
The equation regularizing the integral 


(A, 9) = [| lp(e) ax 


in the strip —n — | < Re A < —n can be written 


[1 Pots) ae = [x9 — 9) ax = J" 23[o(— 9) — 900 


_ (-— Leet 


+ xp’(0) yas eat mca) dx. (7) 


In Section 4 we will give the Taylor’s and Laurent series for x’. 
3.3. Even and Odd Combinations of x4, and x4 


A generalized function f is called even if 


(F(x), p(— *)) = (F(), v(*)), 
and odd if 
(F(x), o(— *)) = — (F(*), p(*) ). 


We can use the functions we have been discussing in the preceding 
section to construct the even and odd generalized functions 


| |* = xt + x4, (1) 
| «|4sgnx = x4 — x4, (2) 


Let us find the singularities of these new generalized functions. 
Recall that at 1 = —k both x4 and x’ have poles, the first with residue 


GU a 


and the second with residue 8!*-!)(x)/(k — 1)!. Thus | x|* has poles 
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only at A= —l, —3, —5,.... The residue of this function at 
A= —2m —1 is 28™)(x)/(2m)!. At A= —2m (m =.1,2,...), the 
generalized function | x |4 is well defined, and for these points we shall 
write, in a natural way, x?” instead of | x |-?”. 

Similarly, | x |4sgn x has poles at A = —2, —4,..., and the residue 
atA = —2mis —25?"—))(x)/(2m — 1)!. AtA = —2m — 1 (m = 1, 2,...), 
this function is well defined and we shall write, in a natural way, x—?"—} 
rather than | x |~?"-1 spn x. Thus the generalized functions x-” are now 
defined for all m = 1, 2,.... 

We wish to give explicit expressions for the generalized functions 
| «|4 and | x |4sgn x. We do this by using the regularizations we have 
obtained for the integrals (ie x4q(x) dx and in | x |4p(x) dx in Eqs. (4) 
and (7) of Section 3.2. In the strip given by —n — 1 < ReA < —2, 


(x4, 9) = [~ x4lo(x) — (0) — x90) — ... —-—_ p-@] ae, 
0 (n — 1)! 


(4,9) = [#4[e(— 2) — 9(0) + 29°) 


(— ]}e=! nl 
(n — 1)! 


Replacing by 2m and adding and subtracting, we arrive at 


pir-1(0)] dex 


(19) = [# } 9) + o(—») 
= 2|9(0) So 5 p’(0) +... + Gana] dx: (3) 
(| ¥ |4 sgn x, p) = [=  o(3) — 9— #) 


— 2[260) + F9"O) ++ Gero n@]{ ds.) 


The first expression converges for —2m— 1 < ReA < —2m+1, 
and the second for —2m — 2 < ReA < —2m. In particular, 


(x2, p) = [- a-2m oC) + (— *) 
— 2[—(0) + 4,0") +». + Ga aay 00] dx, (5) 
(-*-4, 9) = Iv amt tole) — 9(— 2) 


— 2[¥9'0) + 3 9'"O) + + Gero MO]{ de, 6) 
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so that, for instance, 
© ox — x) — 2¢(0 

2 9) = i HO) + A— 8) — PAO) dx, (7) 
0 


(x, 
(x-}, ») = is a) ASS dx. (8) 


This last expression is the same as that for the Cauchy principal value 
of the integral of ¢(x)/x, namely 


[tae mtg hf Paes Fee 


On differentiating | x |4 and | x |4sgn x, we obtain 
g & 


|x|? = £ (xt + a4) = Ax? — dx = A| x |*"'sgn x; (9) 
aio _@ er, eee ee Aa a-1 
ant! sgn x = =F (x4 t) = Ax + Ax = Al x iP. (10) 
In particular, for A = —n, we have 
£ xo = — axl, (11) 


In Section 4 we will give the Taylor and Laurent expansions of 
| x |4 and | x |4sgn x. 

We note in conclusion that for Re A > —1 the functionals x’, x’, | x |4, 
and | x |4sgn x, being regular functionals corresponding to slowly 
increasing functions, can be extended onto S (see Section 1.10). More- 
over, the functionals obtained by their analytic continuation to other 
values of A can also be extended onto S. This follows both from the 
formulas for the analytic continuations themselves and from the 
differential formulas dx‘ /dx = Ax’ and Section 2.7, in which we 
discuss differentiation of functionals on S. Thus the functionals we 
have been discussing and the formulas obtained for them can be applied 
not only to functions of bounded support, but to all functions of S$ 
[for instance, exp (—x?)]. 


Example 1. The gamma function is defined by the integral 
TQ) = [ #1e* dx, 
0 


which converges for Re A > —1. This integral may be thought of as 
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representing the application of x41 to the test function equal to e-* 
for 0 < x < © (which is known to be in S). Using the regularization 
formulas of Section 3.2, we obtain expressions for the gamma function 
for Re A < —l. First, for ReA > —n — 1, A € —l,..., —m, we have 


a) =) i Lia > (=i al ee ie xilene de + > DE oy 


For —n — | < ReA < —n, we have 


oo n k 
= A—1 | p-@ __ — 1) se 
re) = [ x [e > | 1) | 
Example 2. Consider the integral 
| 7 x*feae — >] dx, 
0 


Note that this integral converges for Re A > —2. It may be thought of 
as the result of applying the functional x4 to the test function e~®” — e—=, 
Thus 


oO co oO 
i xife-ae — ee] de = i xhe-ax dy — | xhe-be dee, 
0 0 0 


where each of the terms on the right is the result of applying this 
functional to the appropriate test function. But for Re A > —1, we 
may make a substitution of variables of the form ax = &, from which 
we obtain 


[tee Ae [ (Eyerk voit: 1) 


a atti 


an expression valid for all A by the uniqueness of analytic continua- 
tion. As a result we arrive at 


| : xfe-ar _ ba] dy = (ss = par)FO +1). 


This formula gives the value of the convergent integral on the left for 
Re A > —2. It is interesting that we have obtained it with the aid of 
divergent integrals. It would have been possible, of course, to arrive at 
this result in a more pedestrian way (for instance, by differentiating 
with respect to a and 3). 
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i: x24 
3.4. Indefinite Integrals of x7, x_,|x |4,| x |4 sgn x 


Since the indefinite integral is the inverse of the derivative (see 
Section 2.6), for A # —I, —2, ... we have 


A+1 


[ide = 5 + G0): 


yAth 


[ de =— 54 + C0): 


and for A ~ —1, —3, —5, ... we have 


| x |4+1 sen x 


flea = 


while for. A #4 —2, —4, —6,... (and for A 4 —I, since we have no 
derivative formula for this case) we have 


| [a 


rA+1 


| | « |4 sgn x dx = + C,(A). (1) 


Here C,(A), ..., C,(A) are functions chosen arbitrarily. 

The freedom of choice for these functions can be used to find the 
indefinite integral of x-1 =| x |-!sgnx by a limiting operation on 
Eq. (1). AtA = —I the first term on the right-hand side of that equation 
has a pole with residue one. Let us write C,(A) = —(A+ I1)?+C 
with which we can continue the right-hand side analytically toA = —l, 
using continuity to give the integral meaning in the limit. Thus writing 


; _|*ef—l 
[ll sgn x de = LG 
we find that as A > — 1 
a4] _ 
Rea ck Linn 


wet A+ 1 
so that 


[et de = In] x] +C. (2) 
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It is possible also to calculate multiple integrals of these functions. 
Thus, the g-fold integral of | x |? is 


[ov fleP ee = yay + 20) (3) 


a 
where Q,(x) is any polynomial in x of degree less than gq. 
The integrand on the left has poles at 1 = —1, —3,.... On the right 


| « [#2 (sgn x)2 


AFD.A+9 


has, in addition, poles at A = —2, —4,... for|A| <q. These poles 
can be eliminated in a natural way by special choice or QO,(x). Since at 
A = —2k (for 2k < q) the first term on the right has residue 


| x |-2*+¢ (sgn x)? — xt-2k 


(— 2k + 1)(—2k +2)...(—]) 1 -2...(—2k +9) Qk—I(q — 2)’ 


we may write 
{e/2] xa 2k+a 1 


Qa (*) = 2 Gh 1)! (¢ — 2k) A + 2k 


[and we can add to Q,(x) an arbitrary polynomial in x of degree less 
than g and analytic in A]. Thus 


ae |x Ata (sgn x)@ {a/2] xy 2k-+a 
[fle Paw = +1)... + 9) + 2 Gk = ae tes (4) 


In particular, the double integral is 


[fle @e =~ <= A sf 
QLDALD)  AF2° 


3.5. Normalization of x4, x4, |x |4, and | x |4 sgn x 


As we have seen, x’, x4, | x |4, and | x |4sgn x have simple poles in 
the A plane. It is natural to try to eliminate these by dividing each of 
the generalized functions by an ordinary function of A with simple 
poles at the same points. Such a function is easiest to obtain by applying 
the generalized function under discussion to a fixed g(x) in S (that we 
may work in S is established just before the examples at the end of 
Section 3.3). 
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Consider first x4. This has a pole with residue (— 1)"—18'"-))(x)/(n — 1)! 
at A = —n. The function (x) we choose in S must be such that 
(x1, yo(x)) have nonzero residue at the same points. This means that 
all the derivatives of g(x) at x = 0 must be nonzero. 

It is convenient to choose e~* for this function, which leads to the 
normalizing factor whose denominator is 


es : xte-t dx = T(A + 1). 


Normalizing denominators can be chosen for the remaining three 
functions in a similar way. For x4 we must again choose 9,(x) so that 
its derivatives at x = 0 fail to vanish. This time it is convenient to 
choose g(x) = e*, which gives 


0 ia) 
(xt) = | jx [4 et de = | xhe-® dx = (A + 1), 
00 0 


The poles of | x |4 occur at —1, —3, ..., and the residue at A = —2m — | 
is 26'2”)(x)/(2m)!. Thus g(x) should in this case be chosen so that 
its derivatives of even order fail to vanish at x = 0. This time it is 
convenient to write g(x) = exp (—x”), so that the normalizing denom- 
inator becomes 


(| #14, exp (— 23) = [7 | exp (— 2%) dx = 2 [#4 exp (— a2) dv 
—00 0 


= [Peto etd = rE) 


Finally, | x |4sgn x has poles at —2, —4, ..., and its residue at 1 = —2m 
is —25'2™-D(x)/(2m — 1)!. Thus in this case g(x) should be chosen 
so that its derivatives of odd order fail to vanish at x = 0. We may 
choose (x) = x exp (—x?), with which the normalizing denominator 
is then given by 


(| sgn ay exp {— 2%) = 2 [a1 exp (— #%) dx = >). 


We may thus construct the following entire functions of A: 


x} xi xe |4 | x |4 sgn x 
FA+1)’ FA+1)? A+ 1)’ A+ 2) ° 
>) ty) 
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The values of these generalized functions at the singular points of the 
numerator and denominator can be obtained by taking the ratios of 
the corresponding residues. On doing this, we arrive at 


PA res, xt 
TA+ 1 lun res (res, (x4, e*) e~*) 
ad pla 
81x) 
= aga = (KD a (2) 
bere 1)! 
| « |* = 8 | I = 28'2™)(0)/(2m)t 
eal ee res (114 exp {—a8}) — 267™(R), exp {—a"))/(Om) 


In the last expression we note that applying 5'°”")(x) to exp (— x’) gives 
exp {—x7})(2m)|__). But 
Pp x2=0 


x 
exp(—a) 1a OF 4. + (- 1 


i -> (exp {= ald ba mee ar 


m=0 
so that 
_(= 1)" 2m)! 


(exp {= 23) pg 


We may thus write 
| « |4 (= 1)™ 82x)! 
~ (2m)! ; G) 


Finally, consider 
res |x |4sgnx 
|x |4sgnx 26g, 1 #1" 88 


ine 


res, (| * |4 sgn x, x exp {—2"}) 


A=—2m 7 — 28(2™-1)(~)/(2m — 1)! 
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On applying 8!?"-))(x) to x exp (— x*) we obtain —(x exp {—x7})(@™-1)|__ 
and since 


x exp {—x"} = x e+5— oe -+(-—)) aT prt 
2)\(2m—1) an 
= AG exp {— x +) | ean0 (2m — 1)! y 


we arrive at 


(exp (=a) [ay = (— yn GT 
Thus 
| «|4 sgn x = m Om 1x) (m — 1)! 
rt? = Qn—D a 
2 A=—2m 


Equations (1)-(4) could have been obtained differently by using the 
known. residues of the gamma functions at the points in question. 
For the functional 


i 
fr ~TA+N 


the derivative formula is simpler than that for x4. Indeed, 


—f — d x4 o_ Axi we A-1, (5) 
dxJ+ ~ ae TA+1) TAI) Ta 7t’? 
so that differentiation of f1 is equivalent to reducing the index A by 
one. Similarly, the derivative of 
a 
ie a, we 
f — FA +1) 
is given by 


oft =— 7m 6) 


so that taking its derivative is equivalent to reducing the index A by 
one and changing its sign. 


a a 
As for a=. its derivative is peieens with index reduced by 
r(* + ‘) r( + ?) 
2 2 
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one and multiplied by a certain numerical factor. Taking its derivative 
a second time reduces its index by two, namely 


Pix Edin 


a ast 74) uF 
2 Z 
In fact the formula 
jel? 1 # |x 
A—1\, 2Wdx? —A+1 
(-) r(—) ” 
a 
could have been used to obtain the analytic continuation of ae H 
2 


3.6. The Generalized Functions (x + i0)4 and (x — i0)4 


We shall now define two new generalized functions, namely (x + i0)4 
and (x — 20)4 which, unlike those introduced in Sections 3.2 and 3.3, 
will need no normalization. They will be, in fact, entire analytic 
functions of A. Other nice properties of these new functions will also 
become evident in the chapter on Fourier series (Chapter II). 

As is known, the expression (x + ty)’ is defined by 


(x - ty)* = x exp [A Ln(x + zy)] = exp {A [In | x + zy | +72 Arg (x + ty) ]}. 


We shall choose 
Arg (« + 1y) = arg (x + 1y) 


where —7 < argz <a. Then (x + iy)* is a single-valued analytic 
function of the complex variable z = x + zy in the upper half-plane 
(y > 0). In exactly the same way (x + zy)’ is a single-valued analytic 
function in the lower half-plane (y < 0). We shall be interested in the 
limits of these two functions as we approach the real axis from above 
and below. These are easily calculated; in fact, 


e-|x|4 for « <0 


(= + 20)4 = lim (x? + y?)¥? exp [1 arg(x + ty)] = 


x4 for x >0; 
(1) 

~—idAn a 
er : sie pence le for x <0, 
(e — i0)4 = lim (x? + 2/4” exp [A arg (e +) = | ©, for ee. 
(2) 


These functions are defined for all complex A. 
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The problem now is to find generalized functions corresponding to 
these ordinary functions. We shall denote these generalized functions 
also by (x + 20)* and (« — 20)4. 

In terms of the already familiar functions x4 and x4, for ReA > —1 
we may write 

(~ + 20)4 = x4 + etry, (3) 
(x — 20) = xt |. etary , (4) 


These equations imply for any A #4 —1, —2, ..., that with the (ordinary) 
functions (1) and (2) we can associate the generalized functions on the 
right-hand sides of (3) and (4) as defined in Section 3.2. Thus the 
generalized functions (x + 720)4 and (x —i0)4 are defined for all 
hee a 

If, moreover, we compare the residues of x1 and x at A = —n, we 
see immediately that the singularities on the right-hand sides of (3) 
and (4) cancel out. Thus our new functions are entire functions of A. 
In Section 4 we shall obtain the specific expressions 

im(— 1)" 82-1) (x), 


(x +40" = re — 


(n — I)! 
(x — i0)-" = x" 4 a 8(n-1) (x), 


A clearer understanding of the reasons for the absence of singularities 
in these functions may be obtained in the following way. Let g(x) in S 
be continued analytically to complex values of the variable in a 
neighborhood of the real axis. Consider the integral 


[ =49(e)dz (@ =x +5) 
a 


along the contour L, consisting of the real axis from — to —e (with 
€ > 0), a semicircle of radius ¢ in the upper half-plane [we shall consider 
only (x + i0)4] centered at the origin, and the real axis from e to +. 
According to Cauchy’s theorem this integral is independent of e. Since 
the integrand has no singularities on L, and since y(x) decreases more 
rapidly than any power of x as|x|-—> ©, the integral exists for all A 
and, as is easily seen, is an analytic function of A. For Re A > —1 this 
function is clearly equal to 


{ . (x + i0)4p(x) dx 


and therefore the analytic continuation has no singularities. 
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3.7. Canonical Regularization 


In the above discussion we have been finding generalized functions 
corresponding to certain specific functions with algebraic singularities 
(and have in the process learned how to calculate many divergent inte- 
grals). We shall now consider a particular type of regularization that 
can be used for functions of a rather large subclass of the class of functions 
with algebraic singularities. For convenience we shall call this regulariza- 
tion canonical and shall temporarily introduce the notation 


f = CRf(e) 


[where f is the functional which regularizes the function /(x)]. We shall 
show that this canonical regularization is most natural in the sense 
that the following two conditions are fulfilled: 


(A) CR [on fa(x) + me fo(*)] = 0 CRA) + a CR f,(~). 
cr [2 4m] = Z cr Ae), 


Here d/dx represents the ordinary derivative on the left-hand side and 
the derivative in the sense of generalized functions on the right-hand 
side of the equations. 


(C) CR [A(x)f(*)] = A(x) - CR f(*) 


for every infinitely differentiable function A(x). 

Let us first consider functions with nonsummable singularities only 
at the single point « = 0. 

We shall further restrict our considerations to functions that can be 
written in the form 


F(x) =D plxaca), (1) 


where the p,(x) are infinitely differentiable functions, and the q;,(x) are 
chosen from among «x4, x4, and x-", in which A may not take on the 
values —1, —2,... . In Sections 3.2 and 3.3 we obtained the generalized 
functions corresponding to these functions, and it was shown that the 
ordinary equations for the derivatives with respect to x remain valid. 
We note that the operations of addition, multiplication by an infinitely 
differentiable function, and ordinary differentiation do not take us out 
of the class defined by (1). 

The desired rule for regularizing f(x) is now immediately evident. 
Since multiplication by an infinitely differentiable function and addition 
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are defined for generalized functions, we need only replace the q,(x) 
on the right-hand side of (1) by the corresponding generalized functions. 

We shall henceforth consider the canonical regularization of x‘, x‘, 
and x-” to be given by the definitions of Sections 3.2 and 3.3, and the 
canonical regularization of f(x) then to be defined by 


CR f(x) = Dy pe) + CR 9A). 2) 


Since, in particular, | x |° = 1, the canonical regularization of an infinitely 
differentiable function will be simply the regular functional corresponding 
to it. 

Conditions A and C are obviously fulfilled. Let us verify B. We need 
do this only for a single term, i.e., for 


F(x) = p(*)q(*). 


For convenience we shall denote differentiation in the sense of generalized 
functions by d/dx and ordinary differentiation by a prime. From Eq. (3) 
of Section 2.1 we have 


d ; d 
ax CR f(x) = p’(x) - CR g(x) + p(*) a CR 1(*)- 
But, as already mentioned, 


d ; 
qe CR a) = CR G2); 


so that using conditions A and C we arrive at 


Me CR f(x) = CR [p'(x)q(x) + p(x)q'(x)] = CR f(x). 


One may still ask whether qur definition of canonical regularization 
is unique. That it is can be seen from the following. Note first that by 
expanding the p,(x) in a Taylor’s series we can write f(x) as the finite 
sum 


fe) =D) cardx) + A(x), (1’) 


where the 7,(x) are again functions chosen from x1, x4, and x—” (except 
that A will now in general take on new values), and the c, are constants, 
while h(x) is a locally summable function. Let us assume that similar 
terms in Le,r,(x) are grouped and that only those of the possible 
r(x) occur in it for which Re A < —1, while the rest are all in A(x). 
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Then (1°) is a unique representation of f(x), since the different terms 
are all of different order as x +0. Then according to (1’) we would 
write the regularization in the form 


>, c;+ CR rx) + A(x). (2’) 


We shall prove the uniqueness of our definition of canonical regulariza- 
tion by showing that (2) and (2’) are the same. 

We may without loss of generality assume that the sum in (1) consists 
of the single term p(x) g(x), since both (2) and (2’) satisfy condition A. 
Let us treat, specifically, the case g(x) = x4; the other two can be treated 
analogously. Let —m —'2 < R€A < —m— |. Expanding p(x) in a 
Taylor’s series we have 


p(x) = > - pO) + x™45(x), 


i 


We wish to show that for every test function (x) 
m pI) = 
(24, pCadwta)) = SPI xt, (ay) + [a Ga)o) de.) 
j=0 ‘ 


To do this we merely calculate the left-hand side: 


(=k, peebee)) = J” *LaCado(e) — SY F [aCe] lao a 


= fo =| oe) [B50 + xre(2)] — DF 910) FF 910(0)| de 


i! 
=p Foy ate [ p(x) — > + 90)] sh [ x4+m+15(xen(x) dee, 


which is the right-hand side of (3). 

Note that Eq. (2’) could have been used as the definition of the 
canonical regularization. In any specific case, of course, either (2) or 
(2’) may be used. 

Now consider the case in which f(x) has not one, but several singulari- 
ties of the same type as in (1), or even a countable number of such 
singularities so long as any finite interval contains only a finite number. 
For this case we will make use of the fact, to be proven in Appendix 1.2, 
that unity may be partitioned according to 


= > e(x), 
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where the e,(x) are infinitely differentiable functions such that every 
interval on the real line intersects only a finite number of the supports 
of the e,(x) and such that each support contains only one singularity of 
f(x). If we multiply this equation by {(x) we see that we may write 


f(x) = > plx)qd2), (4) 


where the g,(x) are translations of the same functions x1, x1, and x-” 
that we have been discussing, and the p,(x) are infinitely differentiable 
functions such that on any finite interval Eq. (4) represents a finite 
sum. Then again we may write 


CR Sls) = D pdx) - CR ade), (5) 
or 
(CR Fle), 9(8)) = D (CR ae), Puedes) (6) 


In this expression the series will always be finite, since the test functions 
ali have bounded support. The operations of addition, multiplication 
by an infinitely differentiable function, and differentiation on these 
functions will again leave them in the class defined by (4). It is true, 
of course, that Eq. (4) is not a unique representation of f(x), just as (1) 
was not unique, but it can be shown that the definition in (5) is inde- 
pendent of this representation. 

Conditions A, B, and C are shown quite simply to be satisfied. 

We shall no longer make use of the notation CR f(x), merely denoting 
the canonical regularization of a function f(x) [or more properly the 
generalized function corresponding to the ordinary function /(x)] by 
the same symbol f(x), just as in Sections 3.2 and 3.3 we have done for 
x4 and the other functions we discussed. 

In particular, in accordance with the notation of Section 1.3, if f(x) 
is an ordinary function which has a canonical regularization, we shall 
understand f f(x) p(s) dx to be the result of applying this canonical 
regularization to (x). 


Example. In Section 2.4 we dealt with the function cot (x/2). For 
| x | < 7/2 this function can be written in the form 
x cos(x/2) 1 p(x) 


io Nemes sin(x/2) x «x 


3.8 Functions with Algebraic Singularities 65 


where p(x) is an infinitely differentiable function. Moreover cot (x/2) 
can be written in the same way in the neighborhood of kz, for 
k= +1, +2,.... We thus see that cot (x/2) has a canonical regulariza- 
tion. For functions in K with support in a small neighborhood of the 
origin, this regularization can be written 


(cot 5, o(2)) = (22, ote)) = (2, dota) 
_ [7 Heels) = Ao) 9 


x 
= | : [e(x) — (— «x)] cot 5 dx. 


Because of property B, the derivative of this functional will be the 
canonical regularization of 


a cot —- = — 1 el ee 
dx" 2-2 sin%(x/2)’ 
or, using the definition of x«~*, the functional defined by 


ph hs eh ae El (a) 4000) 
( 2 sin%x/2) ,¢) = 5 | sin®(x/2) se 

[again assuming that g(x) = 0 outside a small neighborhood of the 

origin]. Higher derivatives of the generalized function cot (x/2) can be 

calculated in a similar way. 


3.8 Regularization of Other Integrals 


We have been discussing how the theory of generalized functions 
interprets a (classically divergent) integral of the form 


[_ fleve(®) ae, 


where f(x) is a certain fixed function with relatively general conditions 
placed on its singularities, and g(x) is an arbitrary test function. In 
particular, by fixing the test function we have been able to calculate 
certain specific ‘“‘divergent” integrals. 

We have, however, not considered such simple but important integrals 
as fr x4 dx and in x4 dx (the first of which diverges for Re A < —I, 
while the second’ diverges for all A), as well as many others. In this 
section we shall try to give meaning to such integrals. 
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REGULARIZATION IN A FINITE INTERVAL 


We have been discussing the functionals corresponding to the 
functions x4, x1, and x-” on the real line and on the positive real line. 
We might also consider functionals defined by integrals over a finite 
interval, for instance, 


(xbcxcos #) = J we(e) de. (1) 


We have chosen the interval 0 <'’x < b as being particularly typical 
in that it has a single point of possible divergence which is, further, one 
of the end points (x = 0). The interval a < x < 5 without any singular 
points is of no interest, and an interval such that a singular point lies 
in its interior can be broken up into two intervals each of which has 
a singular point at an end. 

Consider, therefore, Eq. (1). The integral converges for ReA > —1 
and is an analytic function of A. Writing 


f w4p(e) dx = [ x4[ p(s) — 9(0) — 29°) —... — Zon )] ax 
bat+n 


0 hati ; 0 b4+2 are , 
+O +PORTRt- +9" OG 


we see that as a function of A the integral can be analytically continued 
into the entire A plane except for the points A = —1, —2,..., —7,..., 
where it has simple poles. We will use (2) to define the regularization 
of the integral for A # —1, —2,.... We shall denote the corresponding 
functional by xjcr<p- 

We can here choose g(x) to be in fact any function that is infinitely 
differentiable in 0 <x <5, since such a function can always be 
continued past 0 and 5b so as to yield a function in K. 

Let us take, in particular, g(x) = 1 for 0 <* < b. This leads to 
the equation 


b . pati F 
Jee = <4" G3) 
valid for all A A —1, —2,.... It is needless to point out that (for 


Re A < —1) the integral on the left-hand side of this equation is here 
understood not in the ordinary sense, but as the regularization according 
to our rules.! 


1In the present case the right-hand side, and therefore also the left-hand side, has 
only the one singularity atA = —1. 
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Now consider any f(x) of the form 


for O< x <b, (4) 


__ § *4p(x) 
Hd 0 for all other x 


where p(x) is an infinitely differentiable function. In analogy with 
Section 3.7, we shall consider the regularization of f(x) to be defined by 


(Reg f(*); P(*)) = cece » P(*)P(*))- (5) 


The following remark will be of help in what follows. The equation 
b c b 

[ x¥o(x) de = [ xtp(x) de + [ xAp(x) dx (6) 
0 0 ¢ 


(where 0 <c <b), valid for ReA > —1, remains valid for all 
A ~ —1, —2,... if the first two integrals are understood in the terms 
we have just discussed. Indeed, all three integrals can be analytically 
continued independently into the entire A plane except for the points 
—1, —2,... (and moreover the third of the integrals exists in the ordinary 
sense for all X), so that (6) remains valid in view of the uniqueness of 
analytic continuation. 

Let us now consider a function f(x) with algebraic singularities at 
a and 4, so that in the neighborhood of a we may write 


F(x) = (* — 4)"pal), 
and in the neighborhood of 5 
I) = (6 — x} P,(*), 
where p,(x) and p,(x) are infinitely differentiable functions in the 


intervals a< x <b and a< x < 5b, respectively. We now define the 
regularization of f(x), that is, of the integral 


[fee a, 
by the equation 
f T(x)p(x) dx = | F(xyp(x) dx + | f(x)p(x) dx, 


where c is a point between a and 3, and the integrals on the right-hand 
side stand for the appropriate regularizations. 
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Note first that the result is independent of the choice of c. Indeed, 
if c’ > c be any other point on [a, 5], according to the previous discus- 
sion we have 


[ Fo)e(2) de = [ fledote) ae + [° fole) a, 


[fs (x)p(x) dx = ic F(x)e(x) dx + i ‘ F(x)@(x) dx, 
so that 
frees) ax +f foro ae = [+ fe Papel 


as stated. 
For example, consider the beta function 


BAA, ») = | PA ay age 


For Re A > 0 and Rep > O this integral converges in the usual sense, 
and from what we have proven it can be analytically continued to both 
the A and yp» planes except for the points A4 = 0, —1, —2,... and 
uw = 0, —1, —2,:... The regularization formula for Re A > —k and 
Re p > —s is 


BQ, ») = foo [a — xe — Se 1)" Tiel dx 


T= 


1 fie, ee dee 
so a a Ea = 2S 1) Ate dx 


(-)TH)  - +> (— Ir”) 


k-1 
Bs py 2°+4rlP(p — r)(r +A) rte T(A — r)(r +p) 


REGULARIZATION AT INFINITY 
We have now interpreted the integral 
b 
i x4 dx 
0 
for all A34 —1 as the result of applying the generalized function x4<, <5 
to the test function g(x) equal to one on 0 < x < b. We would like to 


be able to interpret the integral 


[ax (b > 0) 
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over the infinite interval in a similar way. But unfortunately there 
exists no test function equal to one from b to ~. We shall therefore 
proceed in the following way. Consider the class K(d, ~) of all functions 
g(x) defined and infinitely differentiable for all « > 5 and such that 
the operation of inversion y(1/x) = (x) transforms them into functions 
in K with support contained in (0, 1/5), or more accurately into a 
function which on this interval is equal to some function in K. We then 
define the functional 


| : x4p(x) dx 


by making the substitution I/* = y and writing 
roe) 1/d 1 
a Ae —1~2¢(—) dy, 
fox) x | (5) ly 


in which the integral, if necessary, is understood in the sense of the 
regularization discussed above. Accordingly, this integral exists for 
—vA—2 ¢ —l, —2,... or A A —1,0, +1,.... 

Let F(x) be a function defined on [b, ©) such that F(x) = x4f(x), 
where f(x) is in K(b, ©). We define the regularization of this function by 


(Reg F, 9) = [ Fle)o(x) dx = f x*[f(x)p(s)] ae. 


It is clear that this definition of Reg F on K(b, ~) satisfies the linearity 
conditions 
Reg [o,f + a] = a, - Reg Fy + a, - Reg Fy, 


Reg [g(x)F(x)] = a(«) * Reg F(x), 


where g(x) is any infinitely differentiable function. 

Let us now consider the most general case, in which F(x) has an 
arbitrary finite number of algebraic singularities. Let these singularities be 
ordered according to increasing argument, so that—o <b, <<... <b, << @ 
and consider the finite number of intervals 


(— ©, ay), (44, by), (01, 22), (4a, bg), «+12 (Ons Onta)s (Bn it» ©) 


each one of which contains an isolated singularity on one of its ends. 
In each of these intervals we use the regularization formulas developed 
above, and add them up. As above, it is easily shown that this result is 
independent of the choice of the a,. 

We may note further that this regularization of F(x) on the entire 
line satisfies the above linearity conditions. 
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Example 1. Consider f x4 dx. 
As described above, for 6 > 0 we have 


b 64+1 
[a= sq (A 4 — 1). 
Similarly, according to the above treatment, 
b4+t 
[ av—— ty. 


Thus finally 
b roe) 
[tax = | wide + [oxtde=0 (A#—1). 
0 0 b 
Since this result is an analytic function of A it is valid also at the single 
excluded point A = —1. 
Example 2. The integral 


| "PAL pele de 
0 


converges in the usual sense for ReA > 0 and Rep > O. By writing 
x/(1 + x) = y, we see immediately that for these values it is equal to 
BA, »). This is therefore true also of its analytic continuation, i.e., 
everywhere except at A, = —I, —2,.... 


Example 3. Consider 
i= + 1)a — x]" dx. 
; [(x ) x¥]" dx 


To evaluate this integral, expand the integrand by the binomial theorem 
and use the first property of canonical regularization. This gives 


T= >) (— 1*C# | (Lymn de 


k=0 


= > (— 1)°C*B Ru + 1, RIA — p] — nd — 1), 


k=0 


where we have used the preceding result. 
Note that J converges in the usual sense for A = p, —1/n.< A < 1—1/n, 
which leads to the “classical” result 


[Ge + 1 — 4 ax => (-1)FC2BRA ef 
(—1fn <A <1— In). 
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3.9. The Generalized Function r4 


Let r = Vx? +... + «2 and consider the functional r’ defined by 


(79) =f ro(e) de (1) 


n 


for Re A > —n. Because the derivative 
Ona 2 
py (> ®) -_ |r In r p(x) dx 


exists, the functional 7+ is an analytic function of A for ReA > —n. 
For Re A < —n, further, r+ is a locally summable function of the x,, 
so that we may define the functional 7+ by analytic continuation. This 
may be done by generalizing the preceding considerations [an approach 
we Shall use later in application to the wider class of functions of the 
form Px), where P(x) is a homogeneous positive function; see 
Chapter III, Section 3.2]. Here we shall do this in a relatively simple 
way involving a relation between r4 and x’. 

Let us go over 'to spherical coordinates in (1), writing it in the form 


(r’, p) = [ r} | 5 p(rw) deo| r-! dr, 


where dw is the hypersurface element on the unit sphere. The integral 
appearing in the integrand can be written in the form 


i _, Mre)den = 2yS0(7), 


where 22, is the hypersurface area of the unit sphere imbedded in 
Euclidean space of m dimensions, and S,(r) is the mean value of 9(x) 
on the sphere of radius 7. Thus we arrive at 


(igang fe Ping (r)dr. (2) 


Let us consider some of the properties of S,(r). We assert that S,(r) 
(defined for r > 0) has bounded support and is infinitely differentiable, 
and that all of its derivatives of odd order vanish at r = 0. 

For sufficiently large 7, of course, y(x) vanishes, so that its average 
S,(r) has bounded support. 

That S,(r) is infinitely differentiable for r > 0 is obvious. 
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To show that all the derivatives of S,(r) exist at r = 0, expand 9(x) 
in a Taylor’s series. We then have 


2,80) = [_ [(0) + BOs, 45 ZOO ey 


_&p(0) _ 
_— 7 ae Bu bx,E%, HX yb || dw. 

Clearly every term in the integrand (other than the remainder) with 
an odd number of factors of the x, fails to contribute to the integral. 
The sum of terms with 2m factors of the x; contributes an expression of 
the form a,,r?”. We thus arrive at? 


Solr) = 90) + ar? + art +... + agr?® + o(7%) (3) 


This expression shows that S,(r) has all derivatives up to order 2k at 
r = 0, and further that the odd derivatives vanish. Since k may be 
chosen arbitrarily, S,(r) is infinitely differentiable at r = 0, where all 
of its derivatives of odd order vanish. 

Alt of this implies that S,(r) is an even function of the single variable 
r in K. Then the integral of (2) represents the application of 2,x4 
(with » = A+ n— 1) to S,(x). But we have already established that 
x, analytic for Re» > —1 (or for Re A > —n), can be analytically 


continued to the entire yu (or A) plane except for the points» = —1, —2,... 
(A = —n, —n + I,...), where it has simple poles. Further, the residue 
at p = —m(or A= —n — m+ 1) is 


(= 1)" 78°"), So(x)) Sy (0) 
(m — 1)! a — 1 


But since the derivatives of odd order of S,(x) vanish at x = 0, the 
poles corresponding to even values of m do not in fact exist. This leaves 
us with the poles corresponding to m = 1, 3,5,... or equivalently 
A = —n, —n — 2, —n — 4,.... 

Accordingly, the residue of (r+, p(x)) at A= —m — 2k for non- 
negative integral k is given by 


(5P"'(*), Sox) Se") 
rn ro = 


In particular, at A = —n this funcion has a simple pole whose residue 


2 By y(x) = o(x) is meant that y/x converges to zero. 
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is 2,5,(0) = 2,9¢(0). Thus means that at A = —n the generalized 
function 7* has a simple pole whose residue is 22,,8(x). 
The S?"(0) can be written directly in terms of gy, not involving its 


average. 
In order to obtain such an expression we shall derive another expres- 
sion for the residue of 74 at A = —n — 2k, using the formula 


A(r4t+2) = (A + 2) (A + n)r’, 


where 4 is the Laplacian operator. (For Re A > 0, this formula can be 
obtained simply by calculating the left-hand side; for other values of A 
it follows from analytic continuation.) By iteration we find for any 
integer k that 


Aky4t2k 
—OFDALY-AFMAL DAA LDAP Ap RD 


v4 


The residue of 74 for A = —n — 2k can now be calculated by obtaining 
it for the right-hand side in this expression. Since at A = —mn — 2k the 
denominator does not vanish, we need find only the residue of the 
numerator. But for any g(x) in K we have 


(Atri+2h, o(x)) = (r*42#, Ate(x)), 


so that we must calculate the residue of (7, 4*(x)) at » = —n. We 
have already performed a similar calculation for any function in K, 
and found the residue to be the value of the function at x = 0 multiplied 
by 2,. Thus in our specific case we obtain 2,,4*9(0). This means that 
the residue of (74, p) at A = —n — 2k 1s 


2,A*p(0) _ 2,(4*5(x), p(x) (5) 
(— 2k —n 2)... (— )(_ 2h): (—2) 2A n(n 12)... (n+ 2k — 2)’ 


and that the residue of the generalized function r4 for the same value 
of dis 

Q,,A*8(x) ; 

QR! n(n + 2)...(n + 2k — 2)° (5') 


Comparing (5) with (4), we see that 


(2k)!4*p(0) 


Se) = sean + 2). (n | ORD)” (6) 
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This result can be used to write out the Taylor’s series for S,(r), 
namely, 


1 ? 1 D 
Solr) = (0) + ay So(Olr? + + py SeOlr™* + -- 


m Akp(0)r2# 
a AKL af/a | F\ ¢n . AL AL eee 7 
2 BH TD). (n ERD T @ 


(Pizetti’s formula’). 
Later we shall find it convenient to normalize the generalized function 
r+ as we did the powers of x on the line. To do this we divide r4 by 
2, 


(r4, exp {—77}) = | r4 exp (—7°) r° dw dr = ae (" + *) , 


Now 
oy4 
QTE + En) 
is obviously an entire analytic function of 4. Its values at the singular 


points of both the numerator and the denominator can be obtained from 
the ratio of the corresponding residues. The result is 


res 
J=—n—2k 


2 rA 
Q, TAA + 4n) — tes. (r4,exp {—77}) 
Q,A*8(x) 
_ Paln(n £2)(W F2—-J __ yy A*8(x) (8) 
(2,8 ?*)(x), exp {—+?}) a 2'n ...(n + 2k — 2)° 
(2k)! 
In particular, for k = 0 this gives 


ae ee 
Q, TRA + $n) lien 


= 8(x). (9) 


3.10. Plane-Wave Expansion of r4 


Let w = (a, Wy, ..., ®,) be a point on the unit sphere in R,, and let 
Re A > —I. Consider the generalized function Fy(w,x, + ... + @,%p) 
defined by 

are ea 
(Feo, + on. + conte), g(a)) = [ Let na ora) te. (1) 


PRA + 3) 


3 R. Courant and D. Hilbert, ‘‘“Methods of Mathematical Physics,’’ Vol. II, p. 287. 
Interscience, New York, 1962. 
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First we rotate the axes, writing y = ux, so that w takes on the coor- 
dinates (1, 0, ..., 0). Writing ¢(y) = 9(u-1y) = ¢(x), we transform the 
integral to the form 


|v |’ 
[Farep io” 


= oe IE 
~ Foe m FEED | Sonn 8B Bf Be 2) 


Let us call the expression in brackets gy (y,). This is an infinitely 
differentiable function with bounded support, and thus belongs to 
K (in the variable y,). But then (2) can be analytically continued to the 
entire A plane. This will define F(w,x, + ... + w,%*,) for all A. 

It is easily seen that F,(w,x, + ... + w,%*,) depends continuously 
on w. Indéed, continuous variation of w induces continuous variation 
of the subspace orthogonal to w, which means that the integral of $(y) 
over this subspace varies continuously, and therefore that go(y,) also 
varies continuously. Moreover, this variation is continuous in the sense of 
convergence in K. For each fixed A, therefore, (F(w x, + ... + w,%n), p(*)) 
varies continuously, which means that F, is a functional depending 
continuously on the parameter w (cf. Section 1.8). 

We can therefore integrate F, in w over the unit sphere 2, obtaining 
a new functional G, such that for every g(x) in K 


(Gx 9) = | Fn ox) do 


(for a detailed discussion of integration over a parameter, see Appendix 2). 
We first calculate the integral for Re A > —1. In this case, as is easily 
seen, 


| | wx, +... + wary |4 dw 
2 


is a spherically symmetric function of x,, x2, ..., %,, homogeneous of 
degree A, and equal to r’ to within a factor. In other words we may 
write 


| | yey +. + Wyk, |4 dw = C(n, A)r+. (3) 
2 
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To find C(n, A), we set x, = 1, x; = 0 for 7 4 m. We then obtain‘ 


riba +i 
C(n, A) = i | wy [4 deo = Qrtin-1) ely ie a : 

a TRA + 42) 
Inserting this expression for C(m, A) into (3) and dividing by 
atin T(3- + 4), we arrive at 


2r4 
I(gA + $n)’ 


which we will find quite important in what follows. Although this 
formula was obtained for Re A > —1, its validity can be extended by 
analytic continuation to the rest of the A plane (see Appendix 2). It 
gives the so-called plane-wave expansion of 


1 


oS 4 
git (n-1) (dA+ 3) (4) 


i | oye, +o. + wary [4 dw = 
Q 


2r3 
TA + a) 


which can often be used, as we shall show below, to reduce problems 
of higher dimension to plane and one-dimensional problems. 

Consider this formula for the special case 4 = —n. If n is odd, 
according to Eq. (3) of Section 3.5 we have 


| x |? 


(bn — »! 
aoe eed, EN — (— ])htm-1) 2 27" sin-1) (x), 
(ZA + 3) es ie o 


(n — 1)! 
On the other hand, according to Eq. (9) of Section 3.9 we have 


2r4 


——_—__—— = 122.5 X, Xs, <c2j Xm) 
I(gA + $n) nn 7 Mle Bao 


“To perform the calculation we go over to the spherical coordinates 9), 92, ..., 9n-1. 
Then 
w, = cos 84-4, and dw = sin"—? 6,_, dw,_1, 


where dw,,_; is the element of (hypersurface) area on the unit sphere in (” — 1) dimensions. 
The integral becomes 
7 


i? din- 
224 1 sin"-? 8 cos4 6 d0 = 2nPio- NTE A + 4) 


0 I(g + $n) 
where we have used 
Qntin-1) n/2 ee ee 
Qn = goes and | sin"-? 8 cos* 6d0 = ae (7 J : | . 
I n— 3) 0 2 2 2 
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where 2, is the area of the unit sphere. Inserting these expressions 
into (4) and dividing both sides by 2,,, we arrive at 


(= 1k» (gn — 


8(x,, eeey Xn) 7 artin—1) (n — 1)!Q, 


| SPD (cyst, bse -L WyXq) dev. 
2 


Now if the dimension is odd, then 


ante 2(2m)2(n—) 
" T(n) 1-3-5... (n —2)- 


With this expression and some elementary manipulations, we finally 
obtain 


— 1)tn-1) 
B(x, +) Xp) = oer [. '*1) (eoyXy + 2. + Wp%Xp) dv. (5) 


Let us now derive the similar plane-wave expansion of the 5 function for 
a space of even dimension. As for odd dimension, the right-hand side 
of (4) becomes £2,,5(x,, ..., x,) when A = —n. But for even m we have 


al __| see eee 
(BA +3) linn I(—$n + 4) 


—n 
y 


where x~” is defined by Eq. (5) of Section 3.3. Inserting these expressions 
into (4), we find that 
5(%1, ...) Xn) : 


—Fy_41, deo vee EW pXq) dd 


We now again use the fact that 
= Qntn 
"Fda 


to obtain the following expression® for even n: 


(— 1)?" (n — 1)! 


B(x, X,) = (nr 


| _ (a bone + nin) Pde (6) 


5 The cases of even and odd m can be combined by writing 


(n — 1)! 


3») = | (001%, + we + cphy — 10)-" de, 
2 


where (x — 10)—* is defined in Section 3.6. 
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In order to exhibit the meaning of (5), let us apply both sides to 
some function g(x, %2, ..., ¥,). We then have 


_ (=) O"l— (x), 25 Xp) 
ae AQayrt J, 40 | eee OT MO 7) 


where do, is the element of area on the hyperplane Lw,x, = 0, and 
@/év is the derivative along the normal w to the plane. 
Equation (6) can be handled similarly. Let us write 


HE 0) =9@) = [olay on addoe 


for any g(x) in K, where do, is the element of area of the hyperplane 
X wx, = & (the integral depends on the direction of the normal wo). 
Obviously 4() is an infinitely differentiable function with bounded 
support. Then according to Eq. (5) of Section 3.3 


ue) = [en fue +49 —2[60 + F-¥" @ + 


al ai yin-2) (0)| ae 


We can now apply Eq. (6) to a g(x) in K, obtaining 


70, ..., 0) = (— Dw — 
(27) e 
7 I, Kemi Pose EF Xn)”, f(xy +e. + WrXn) )dw 


Equations (7) and (8) represent a solution of the so-called problem 
of Radon, namely, to find g(x) [or ¥(x)] when its integrals over the 
hyperplanes (w, x) = C are known. 


3.11. Homogeneous Functions 


We wish now to return to the generalized functions x’, x’, etc., but 
now to study them as examples of homogeneous functions. In Sec- 
tion 1.6 we defined a homogeneous generalized function of degree A 
by the equation 


Flax) = of (x), (1) 
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or, equivalently, 


(f=), o(—) ) = (fle), o(@)) 


for any (x) in K and for any positive a. 
We wish first to establish some simple properties of generalized 
homogeneous functions. 


1. The sum of two homogeneous functions of degree A is a homo- 
geneous function of degree X. 


2. The product of a homogeneous generalized function f of degree A 
with an infinitely differentiable homogeneous function a(x) of degree p 
is a homogeneous generalized function of degree A+ wp. 

The proofs of these assertions follow immediately from the definition 
of Eq. (1). 


3. The derivative with respect to x; of a homogeneous generalized 
function f of degree A is a homogeneous generalized function of degree 
A— 1. 

Indeed, we have 


L.A E)) -— bea oE)) = — Lege) ether) 


a 


4. Homogeneous functions of different degrees are linearly inde- 
pendent. Assume that 


esfi(%) +. + Cmfm(*%) = 0, 


where f,(x) is a homogeneous generalized function of degree A,, and 
that all the A, are different. By definition, for any positive « and any 
g(x) in K we have 


cya“ (hs p) + Coar*( fy, P) ewe Coe fins p) = 0. 


The fact that all the A,, differ by assumption implies that c,( f,, ») = 0 
for all k and all ». If f, 4 0, we may choose y(x) such that (f,, p) 0. 
Hence c; = O for all k, which was to be proven. 


5. Let f, be a homogeneous generalized function of degree 2 analytic 
in A in some region A. Further, let f, have an analytic continuation 
in A into some larger region A, > A. Then in A, the functional f, is a 
homogeneous function of degree A. 
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Indeed, for any fixed A and any 9(x) in K, the equation 


(fn o(=) ) = (fy 9) 


is valid in A. In this region each side of this equation is, moreover, 
an analytic function of A. Then from the uniqueness of analytic con- 
tinuation it follows that the equation holds also in A,. 

The generalized function x1 that we have treated in previous sections 
is a homogeneous function of degree A for Re A > —1. We know 
further that x4 can be analytically continued to the entire A plane 
except for the points —1, —2,.... But the fifth property we have 
listed for homogeneous functions implies that x* is then also a homo- 
geneous function of degree A for all complex A 4 —1, —2,..., —n,. 
The same may be said of x‘. Since |x |4,| «sgn x, (x ry 20), and 
(x — i0) are linear combinations of x1 and x’, they are also homogeneous 
functions of degree A, each throughout the region of its existence: in 
particular, | x |4 is homogeneous for A 4 —1, —3, —5,...; | * |4 sgn x 
for A #4 —2, —4,...; (x + 20)4 and (« — 10)’ throughout the entire A 
plane without exception. For instance, x-” is homogeneous of degree 
—m for every integer m. There exists, however, another homogeneous 
function of degree —m, namely 8'"—!(x). To see this, consider 


(3% (=), o(=)) = (— net EO = amss(omn (2), (0) ) 


Let us now find all the homogeneous generalized functions of degree A 
on the line. By definition such functions satisfy the equation 


Flax) = of (x) (2) 


for every « > 0. Differentiating this relation with respect to « and then 
setting « = 1, we obtain 


xf'(x) = Af(*). (3) 


Let us now find all solutions of this equation. For x 4 0 it can be 
integrated in the usual way. This leads to the conclusion that all the 
desired generalized functions f(x) must coincide with C,x4 for x > 0 
and C,|«|4 for x <0. We have already studied such generalized 
functions, namely, C,x* and C,x+ for A ~ —n,n = 1, 2,.... Assuming 
then, that A is not a negative integer, consider the generalized function 
fo(x) = f(x) — Cyx’, — C,x4. Each term in this expression, and there- 
fore the expression as a whole, satisfies Eq. (2). Further, f(x) vanishes 
for x ~ 0, and is therefore concentrated at a single point. 


3.11 Functions with Algebraic Singularities 81 


In Volume II we shall prove the following theorem, which we now 
accept without proof. Any generalized function f, concentrated at a 
point, say at x) = 0, is of the form 


fal) => oe” (x) 


with a finite m. 
This means that 


fle) — Cyt — Cyt — S15" (x) = 0. 
k=0 
Using the fourth property of homogeneous functions (linear inde- 
pendence for different degree), we see that cy = c, =... = c, = 0, 


so that 
f(x) = Cyst + Cyxt 


is the general solution of the problem for A 4 —n. 

Now let A = —n be some negative integer. We shall assume that f(x) 
is even for even and odd for odd n. For x 4 0, f(x) must coincide 
with the ordinary function Cx-™. A generalized homogeneous function 
with this property is already known, namely Cx-". As above, 
f(x) = f(x) — Cx- is concentrated at x = 0 and is a linear combina- 
tion of the 6 function and its derivatives. Again applying the fourth 
property, we find that the general solution of Eq. (2) for A = —n is 
of the form 

f(x) = Cu + Ci (x). 
In all cases we obtain two linearly independent homogeneous generalized 
functions of degree A. 

In n dimensions 7’ is obviously a homogeneous function of degree A 
for Re A > —n. By the fifth property (analyticity), this function remains 
homogeneous throughout its domain of analyticity, namely throughout 
the A plane except for the points A = —n, —n — 2,.... The function 
5(x,, ..., X¥,) is homogeneous of degree —n, as can be seen directly from 
its definition or from Eq. (9) of Section 3.9. 

The homogeneity of 5‘"-)(x) and x-" can be used to transform the 
plane-wave expansion of the 6 function [Eqs. (5) and (6) of Section 3.10] 
to affine invariant form. Consider any hypersurface S such that every 
radius vector from the origin crosses it exactly once. Then in terms of 
the unit sphere, S can be described by multiplying every radius vector 
w = (w,... w,) by a positive number f(w). Let us write p, = f(w) w,. 
Because 8'"—-)(x) is homogeneous, we may write 


5" pix, on LE pnXn) = [f(w)]-78-P (we, +... + w_Xp) 
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But [ f(w)]” dw is the element ds of area on S, so that for odd n we have 


8(x4, w+) Xm) = Cn | ayy + oe + eontn)den 


(4) 
= €n I, 5D (pyxy +... + pnXn)ds. 
Similarly, for even m we have 
By oer Bn) = nf (eats fone + conn) Md 
(5) 


= en [ (pits + one + pata) ds. 
S 


Equations (4) and (5) are in affine invariant form. 


4. Associated Functions! 


4.1. Definition 


Homogeneous functions are by definition eigenfunctions of the 
similarity transformation operator u acting according to 


u f(x) = flax). 


Indeed, if f(x) is a homogeneous function of degree A, then 


u f(x) = flax) = a'f(x). 


In addition to an eigenfunction f, belonging to a given eigenvalue, 
a linear transformation will ordinarily also have so-called associated 
functions of various orders. The functions f,, fy, ..., f,, --- are said to be 
associated with the eigenfunction f, of the transformation w if 


ufy = afg, 

uf; = af, + of, 
uf, = af, + of, 
uf, = afe + Of, 


1 This section may be omitted on first reading. 
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or if, in other words, u reproduces the associated function of Ath order 
except for some multiple of the associated function of (k — 1)st order. 

It is easily verified that the sum of an associated function of kth order 
with one of lower order is again an associated function of Ath order. 
In a finite dimensional space, when the basis is chosen to consist of 
the eigenvectors and associated vectors of a given linear transformation, 
the matrix of this transformation is in Jordan normal form. (The asso- 
ciated vectors must then chosen so that b = 1.) 

Let us return now to our functions and to the similarity transforma- 
tion operator. We shall say that fi(x) is an associated function of first 
order and of degree if for any « > 0 


Fi(ax) = oMfi(x) + h(a)fo(x), 


where f(x) is a homogeneous function of degree A. The function A(«) 
is determined uniquely from the identity 


AaB) = a“h(B) + B*h(a), 


which can be obtained from consideration of f,(«8x). Dividing both sides 
of this identity by «484, we find that the function A,(«) = A(a)/a4 
satisfies an equation of the form 


hy(aB) = hy(x) + h,(8). 


It is well known that the only continuous solution of this equation is 
the logarithm. Noting further that A(1) = 0, we arrive at 


h(a) = of In a. 


Finally, we shall call f,(x) an associated function of first order and of 
degree if for any « > 0 we have 


flax) = o@fi(x) + of In a fo(x), (1) 


where f,(x) is a homogeneous function of degree A. For instance, In | x | 
is an associated function of first order and of degree zero, since for any 
a > 0, 

In | ax | = In |x| + Ina. 


We shall now define generalized associated functions similarly to the 
way we defined generalized homogeneous functions. The generalized 
function f, is called an associated homogeneous generalized function of 
first order and of degree » if for any « > 0 we have 


(fA e(—) ) = oh. 9) + a4 In a (fy, 9), (2) 
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where f, is a generalized homogeneous function of degree A. Generally 
speaking, for any k& the generalized function f;, is called an associated 
homogeneous generalized function of order k and of degree 2 if for any 
a > 0 we have 


(foo(—) ) = oe 9) + +t In (Faas &), (3) 


where f,_, 1s an associated generalized function of order k — 1. 

Let us now attempt to clarify the nature of associated homogeneous 
functions of various orders and of arbitrary degree A. For this purpose 
we note that if f, is a generalized homogeneous function of degree A 
and is differentiable with respect to A, its derivative with respect to A 
will be associated of first order. 

Indeed, differentiating the identity 


( » o(—) ) = att(f,, @); 
with respect to A, we have 


($e of) <2 ( Se) +t na 


so that df,/dA is associated of first order, as asserted. Similarly, the 
derivative with respect to A of an associated generalized function of 
order & is associated of order k + |. 


4.2. Taylor’s and Laurent Series for x4. and x4 


The Taylor’s and Laurent series for x4, and similar generalized 
functions will lead in a natural way to associated generalized functions. 
The Taylor’s series expansion of x4, in the neighborhood of a regular 


point Ag, is 
xt = xh +A) owe + AG — Ae)? 55 he $ 
= xiy + (A — Ap) x40 Inx, +50 — Ap)? x4o In? x, +... (1) 


This expansion contains the new generalized functions 


xf In” x, a A aye xt (15 2508) 
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Here the mth. function is an associated function of order m. Explicit 
expressions for these functions can be obtained either in the same way 
as one defines x4, or by m-fold differentiation of Eqs. (3) and (4) of 
Section 3.2 with respect to A. Thus for ReA > —xaW—I and 
A # —l, —2,..., —2 we have 


(x4 In™ x, ) = i x4 In™ x [o(x) — (0) — xq’(0) — ... 


x 


aa oti gn 0)| dx 


(2) 
— 1)"m! gp! *-1)(0) 
A l,m pS SRP eS Unit 28 
+f x4 In #90) de + 3G hia pat 
Similarly, for —n — 1 < ReA < —n we have 
| * 4 In™ x g(x) dx 
0 
(3) 
a Al,m — 25 xn} (n—1) 
I, x4 In™ x [o) p(0) — ... ae eas Fh (0)| dx. 
In the neighborhood of the pole at A = —mn, we can expand x‘ in a 


Laurent series whose dominant term is of degree —1. To obtain this 
expansion explicitly, we turn to the regularized integral 


* yh p(x) dx 
0 
= | aot [ o@) — 90) — x y'(0) — ... — a5 ge (0)| dx, 
0 ) 
and isolate the term that fails to converge at A = —xn. In other words, 


we write this integral in the form? 


/ : xho(x)\de = | xl o(x) a aoe (0)| dx 
os n—2 (n-1) (9 
ae f x4 [e(x) — 1. @ane | dx + Eat 


The sum of the integrals on the right-hand side of this equation is the 


Instead of writing f° x4+"-! dx we could have considered the integral [2 x4+"-! dx 
for any a > 0. But we would then have had to expand a4** in a Taylor's series, and the 
resulting expressions would end up being quite formidable. 
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regular part of the Laurent expansion. It is an analytic function of A 
in the strip|ReA+n|< 1. We shall denote this functional by 
F_,,(x,, A). We thus have 


(F_n(%45 A), ~) = i x4 [o() — (0) — xy’(0) — ... 


xn—-2 


aC) gp") (0) — ai gy) (0) a — x)| dx, 


where 6(x) is equal to zero for x <0 and to one for x > 0. Another 
way of putting this is to say that the last term in the integrand is included 
only for 0 <x <1, while for x >1 it is replaced by zero. The 
resulting integral thus converges both at x = 0 and at x = ~. 


Of particular interest is the value of this functional at A = —n, 
which we shall call x,"; this is the value at A = —n of the regular part 
of the Laurent expansion of x4 about A = —n, namely 


a = lim n = [a sail 


We now see that the generalized function x,” is an associated gener- 
alized function of first order and of degree ae Operating on agin K 
this functional yields 


xn-l 


7", @) = [= [p@) — 90) — ~ — Gayo (A — »)] ae. 4) 


It should be emphasized that the generalized function x,” is not the 
value of x4 at A = —n, for x’ has a pole and therefore does not exist 
at this point. Nevertheless the functional x _" is in a certain sense a 
regularization of the ordinary function x7 

The formula for the derivative of x;” “with respect to x is of some 
interest. We have 


(2 x", o(*)) = — (x7", ¢ ()) 
ee eae gerd eee emir (0) (1 —x)] de 
: Gi n 
yee [= [>’ (%) — 9’ @ —... ra sy? p™ (0)] ax 


xn-2 


— f= |e) — 0 0) ~~. — Gao ©] ae 
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We now integrate by parts in each of the terms, obtaining 


(far 
= — [me [p @) — 9 —. —F om M1 —s)] ax + 2). 
Hence 
4 gh = — nett + OM" 5, (5) 


Thus although we have succeeded in establishing a correspondence 
between the ordinary function x,” and a generalized function, we have 
had to sacrifice the ordinary formula for the derivative. We see, there- 
fore, that Eq. (4) is not a canonical regularization of the ordinary 
function x,” 

Of some intenese also are the derivatives of F_,(x,, A) with respect 


to A at A = —n. We shall write these in the form 
a —n 
AA F_,(x,, A) hes = x7" In x,, 
oe? "In? 
De F_Ax,, 4) ; x," In? x,, 


A=—-n 


and then it is a simple matter to verify that the explicit definitions of 
these generalized functions are obtained from Eq. (4) by multiplying 
x-" on the right-hand side of Eq. (4) by the power of the logarithm of 
x that appears on the right-hand side of the appropriate equation above. 

It is clear that these generalized functions are associated functions 
of degree —n and of order 2, 3, 4, ..., respectively. 

Having defined the generalized functions x,", x," In x,,..., we can 
now obtain the Laurent expansion of the generalized function x4 about 
A = —n. To do this, we expand F_,(x,, 4) in a Taylor’s series, which 
yields 


a ee ])"—1§(—-1) (x) 
*~“@—NaFn) f 


+A+n)x"Inx«,~+..4+— 


x 


Ate 


Rink 
x," In*x, +... 


The Taylor’s series for x* in the neighborhood of a regular point A, is 


xh = xto 4 (A — Ap) x40 In x + 3 (A — Ap)? x40 In2x_ +... 


88 DEFINITION AND SIMPLEST PROPERTIES Ch. I 


This expansion contains the new generalized functions x4 In* x_ (with 

= 1,2,...), of which the Ath is an associated function of degree A 
and of order k. All these are analytic in A for A 4 —1, —2, ..., and are 
defined in the strip —n — 1 < ReA < —m by 


(4 Int x_, 9) = fx nt x [p(— 2) — 90) + 290) — 
(6) 
(— 1)?-1 xn 


oe gin-1) | He. 


As before, in order to obtain the Laurent series for x* about pole 
at X = —n, we separate out the term which fails to converge at this 
point. We have 


[i #to(e) de = ; A l(= 9) 90) 4470) 


= (— 1)e-# fe et (n-1) (0)| dx 


+ fo — x) — 90) + xp'(0) — ... 


(= 11 gin-(0) 


OO) Oe ey a 


a1 


Ce 7) 
The sum of the integrals on the right-hand side gives the regular part 


of the desired Laurent expansion. It is analytic for | ReA + "| < I. 
We shall denote this functional by F_,(x_, A). Thus 


(Fn(e-s%), 9) = f° #4 [o(— 2) — 90) + 29°) — ... 


— (— 1)j7-1 git 1) a 
(— 1) TP (0) (1 x)| dx. 
The value of this generalized function at A = —n shall be denoted by 
x="; this is the value at AX = —n of the regular part of the Laurent 


expansion for x4, namely 
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This generalized function acts on a » in K according to 


(=, 9) = f : x” [o(— 2) — (0) + xp'(0) —.. 


— (7) 
(1-1 lat (m1) (Q) O11 — x)| dn 
ome (n— 11” 
and is a regularization of the ordinary function x-”. We emphasize 
again that the generalized function x—” is not the value at A = —n of 


the analytic generalized function x‘. 
We shall denote the derivatives with respect to A of F_,(x_, A) at 
A = —n by 
é 


Dh F_,(x_, A) _ ae ie 
aa F_,(x_, A) = x_" In? x 
er2 | -? ehie — Ww -) 


The explicit definitions of these generalized functions are obtained 
from Eq. (7) by multiplying x—” on the right-hand side of Eq. (7) by 
the power of the logarithm of x that appears on the right-hand side of 
the appropriate equation above. 

By expanding F_,(x_, A) in a power series in A + m, we obtain the 
Laurent expansion for x“, namely 


sii S("-1) (x) 
—  (n—1!A+n2) 
In this series the coefficient of (A + m)—! is a homogeneous function 


of degree —n, while the coefficient of (A + n)™, with m = 0, I, 2, ..., 
is an associated function of degree —m and of order m + |. 


+x™4 (A+ n)x7*Ilnx_ 4+... (8) 


4.3. Expansion of | x |4 and | x |4 sgn x 


We now wish to develop the Taylor’s and Laurent series for | x |? 
and | x |4sgn x. We shall obtain them simply by combining suitable 
expansions of x1 and x. In doing this we shall again introduce new 
generalized functions. 

If Ay is a regular point of the generalized function | x |4, then we shall 
write 


|e |4# = | ~ [4% 4+ (A — Ay) | x foIn| «| + 4A —A,)?| x | ln?[ x) +... (1) 
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We have here introduced the new generalized functions | x |4 In* | x |, 
the Ath of which is an associated function of degree A and order k. 
These functions are all analytic in A for A ~ 1,3, ... and are defined 
in the region —2m — 1 < ReA < —2m-+ 1 by 


(| [4In* | |, 9) = fo xtInk x }o(x) + 9(— 2) e 


—2|9 (0) +25 ae ) 2 oo + Geo? ©) ae 


Similarly, if A) is a regular point of the generalized function | x |4 sgn x 
the Taylor’s series expansion of this function about Ag is 


| x [4sgn x = | x [fosgn x + (A — Ag) |x [In| x | sgn x 
+ 3 (A — Ap)? | x [4 In? | «| sgn w +... (3) 
Here the | x |4In* | x | sgn x are new generalized functions of which the 
kth is an associated function of degree Aand of orderk. They are all analytic 


in A for A 4 —2, —4, ..., and in the region —2m — 2 < Re A < —2m 
they are defined by 


eee ee 
2 [=e (0) + 31 ey (0) +..+ ip? ean (0)]| de. (4) 


Now A, = —2m — 1 is a simple pole of the generalized function 
| x |4; the Laurent expansion about A, is 


Semin) 
A —2m—1 —2m—-1 
iI 2 im) N+ lm 41 7 *+ + 
+ (A + 2m + 1) [xm inex, + 22"! Inx_] +... (5) 
Similarly, A, = —2m is a simple pole of |x |'sgnx; the Laurent 


expansion about Ag is 


Sem (x) 
(Q2m—1)! A+ 2m 


| * |4sgnx = —2 + aioe — xem 


(6) 
+ (A + 2m) [x7?™ In x, — x2" Inx_] +... 
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We shall denote the generalized function x2") + x7?™1 by | x |-?1. 
When operating on some g(x) in K, it acts according to 


(eb 9) = f° att} ole) + o(— 8) — 2 [0 + 5 9"0) + -- a 


+ ey PO) + Gar wm 0) OL — 2)] | de 


where 6(x) has its usual meaning. 
Similarly, we shall denote the generalized function x,?" — x?" by 
| x |-?" spn x. It acts on a g(x) in K according to 


(| * |" sgn x, @) 


“Senha alo oor 
(8) 
pom) (0) O(1 — x)]{ ade 


+ Gea? m-3) (0) + 


Gm =p 
Finally, our required Laurent expansions can be written 


A ee ee eee —2m-1 
ee Oa A lee . 
+A + 2m + 1)| x)?" In| «| 4+...; 
§(2m-1) 1 
|~ /4sgnx = — et Vii +18 meen 
(10) 


+ (A + 2m) |x|?" In| x|sgnx+.... 


The first coefficients 8'?)(x) and 8™-1)(x) in these expansions are 
homogeneous functions of degrees —2m — | and —2m — 2, respectively; 
the other coefficients are associated functions of the same degrees and 
or order |, 2, 3, ... 

In particular, setting m = 0 in Eq. (9), we obtain the expansion 
of | x |4 about the pole at A = —1. This is 


5(x) 
Al -1 a | 
| x | = 2,5 7 tle! +(A+1)[x«|—7In|x| +... (11) 
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Here the functional | x |-! is defined by 


(|x|, ) = i. p(*) + 9o(— *) = 27(0) A1 — x) di 


—w x 


where 6(1 — x?) causes the y(Q) term to contribute only for |x| < 1. 
The generalized functions 


| x [ro — x-2m-1 As xa 2m—1 

+ a ’ 
that we have introduced above are not the analytic functionals | x |? 
and | x |4sgn x at the corresponding values of A (namely —2m — | and 
—2m), for at these values of A the latter have simple poles. They are 
the values at the poles of the regular parts of the Laurent expansions 


about these poles. 
We could have considered also the generalized functions 


x7 am—1 _ x 2m—1 
+ = s 


It is easily shown that the first of these coincides with x~?” (i.e., | x |4 at 


the regular point A = —2m), and the second with x—?"-1, 
In Section 3.5 we defined 
x xt | x |4 |x |? sgn x (13) 
Ta+)’ TA+)’ rey’ r+) 
2 2 


These generalized functions have no singularities. By expanding the 

numerators and denominators in Taylor’s or Laurent series and per- 

forming the indicated divisions in the ordinary way, one can obtain the 

Taylor’s series for these functions about any point in the A plane. 
The power series expansion 


PA + 1) =1 + A + cA? + cA +... , 
for the gamma function is well known. Here c, = c = 0.505... is 


8], M. Ryzhik and I. S. Gradshtein, ‘Tables of Integrals, Sums, Series, and Products’ 
(in Russian), p. 331. Gostekhizdat, 1951. German translation: I. M. Ryshik und I. S. 
Gradstein, “Summen-, Produkt- und Integraltafeln,’”’ p. 299. Berlin, 1957. Henceforth 
we shall refer to the German translation as Ryshik and Gradstein, “Tables.” See also 
N. Nielsen, ““Handbuch der Theorie der Gammafunktion,” p. 40. Treubner, Leipzig, 1906. 
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Euler’s constant, and the rest of the c; are obtained from the recursion 
formula 


1 n 
Onn = n+1 2 (— 1) 1c, a Seas 5) = ¢, Sn = {(n). 


In particular, expanding about A = 0 one obtains 


xt ’) Al - 
Ta + = BO EASE Fon = Ax) + AIn x, —cO(x)) +... (14) 


4.4. The Generalized Functions (x + i0)* and (x — 0) 


These generalized functions were defined in Section 3.6. We shall 
study them here in more detail. For Re A > —I they were defined 
as the limits of (x + zy) and (x — iy)* as y—> +0. From this we 
obtained the formulas 


(© 4 0) = at 4 ota, (1) 
(x — i0)* = x4 + e-tnyl (2) 


The right-hand sides of these equations can be extended analytically 
to the rest of the A plane, which we then take as the definitions of their 
left-hand sides for Re A < —1. We have already remarked that in the 
analytic continuations of the right-hand sides, the singularities at 
A= —1, —2,... cancel out. We shall now find the values of these 
functions at these points. 

In Section 4.2 we obtained the Laurent expansions for the generalized 


functions xi and x4 about A = —n, namely 
_ (— 1)*-18(n-) (x) 
1 8m x) 
eS (@— Ila +n) + F_,(x_, A). (4) 
Here F_,(x,, A) and F_,(x_, A) are the regular parts of the Laurent 
expansions; we have denoted their values at A = —n by x,” and x 
respectively. 


Let us also write 


extin — (_ )netiltenin — (_ 1) 4 (A 4 nr +...) (5) 
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Inserting Eqs. (3)—-(5) into the right-hand sides of (1) and (2), canceling 
out the singularities, and going to the limit as 1 —~ —n, we arrive at 


(x ae i0)-" = xi” a (— 1)” x7 xa arr oe —1) (x). 
In Section 4.3 we noted that for even m = 2m, 
ea = “2m — x-2m __ [| x Fla, 
while for odd n = 2m + 1, 


ae am—t grt t — gamed — [| x A sen x], oma 


Thus we finally obtain 


(x + 10)-" = «-" — — S(2-D (x), (6) 
(« —i0)" =x 4 ete §("-1) (x), (7) 


In particular, for m = 2 we have 


ia p(x) or H—*) = 29(0) Ais te ¢’(0); (8) 


es: + 10)?’ o(#)) = 
GF o(2)) as i : Ax) + (— *) — 290) +irg’(0). (9) 


x2 


Note that it follows from (1) and (2) for A #4 —1, —2,... and from 
(6) and (7) for A = —1, —2,... that 


£ (x + 20)4 = A(x + 10), (10) 
¢ (* — i0)* = A(x — 10)". (11) 


Since differentiation decreases the exponent by one unit, Eqs. (10) and (11) 
could have been used as defining relations for the generalized functions 
(x + 20)4 and (x — 10)4 for A 4 —1, —2,.... For instance, (x -+ 70)-# 
could have been defined as —2(d/dx) (x + 10)-4, where d/dx is differen- 
tiation in the sense of generalized functions, and (x + :0)-? is the 
locally summable function defined by Eq. (1) with A = —#4. 


4.4 Associated Functions 95 


Equations (10) and (11) have also another important implication; for 
A F =—K, =2; ae) 


: A+ ae 0/4 
im (x + ty)4 = (x +4 10), (12) 
lim, (x + yy = (x — ioy! (13) 


in the sense of generalized functions. Indeed, for Re A sufficiently large, 
this follows by definition, and the derivative in the sense of generalized 
functions of a convergent sequence is also convergent sequence. 

For negative integral exponents, (x + 10)-" and (x — 10)-” can also 
be defined by differentiation.. Recall (Section 2.2, Example 6) the 
(locally summable) function 


In (« + i0) = lim, In (x + zy) = In| x | + ix A— x), (14) 

whose derivative is given by 
ban ee 10 =e 5( (15 
Ae + 20) = See x). ) 


Together with (6) (in which we set = 1) this implies that 


d 1 
Similarly, 
In (x — 10) = jim) In (x + ty) = In| x | — mr &— x). (17) 
The derivative of this function is given by 
| 10) = eer. (18 
Gy in (* — 10) = 5 + tn (x). ) 
which, together with (7) (in which we set n = 1) leads to 
d 1 
a on & — 10) = 59° (19) 


Thus the generalized functions (x + 70)-1 could have been defined by 
Egs. (16) and (19), and (x + 10)-” for other negative integral exponents 
could be obtained by using (10) and (11). 

Now the limits in (14) and (17) are taken in the sense of generalized 
functions. This implies that the limits in (12) and (13) converge in the 
sense of generalized functions for all i. 
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This can be used, for instance, to rewrite (8) and (9) in the form 


Jim, im { (x ee = pene ee dx — in ¢’(0), 


P(*) _ (9) + o(— *) — 299) seat 
fn | tp = [OEE = BO e+ iro 
4.5. Taylor’s Series for (x + i0)4 and (x — i0)4 
Since (x + 70)’ is an entire function of A, it can be expanded in a 
Taylor’s series about any point A,, and this series will converge for all 4. 


We thus write 


(x + i0)4 = (« + 10)4 + (A — Ag) (« + 10) In (x + 10) 

4 F(A — A)? (x + iO) In? (x +10) +... © (1) 
The new generalized functions (x + 70)* In (x + 20), ... thus introduced 
are the derivatives of (x + 70)’ with respect to A at A = Ay. Explicit 
expressions for these can be written by comparing Eq. (1) with the 
expansion in powers of A — A, of the relation 

(x + 20) = x4 + efrxd, (2) 
Recall that for A, A —1, —2,... we had 


= ako + (A — Ap) ato In x, + 3 (A — Ap)? xto In? x, + ..., (3) 


eft — elton (1 + in (A — A) — = (A — A,)* + .-) 


(4) 
Xx (x22 + (A —A,) xtoln x + (A — Ay) xo In? x_ + =) : 
By comparing coefficients and replacing A) by A we thus obtain 
(x + 10)4 In (« + 10) = x In«, + trret4tyA 4. etdnyd In x , (5) 


(% + 20)4 In? (x + 20) = x4 In? x, + ef [x4 In? x + 2iwx* Inx_—n*x4] (6) 


and similar expressions for the higher terms. 
These relations are valid for all A ~ —1, —2,.... 
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The Taylor’s series expansion for (x — i0)? is 
(x — 10)* = (« — 10) + (A — Aj) (« — 10)% In (x — 10) (7) 
(A — A,)? (x — i0)4 In? (x — 10) +... 
Here 
(x —. 10)4 In (*« — 10), (x — 70) In? (x — 10), ... 


are the derivatives with respect to A of the entire function (x — 0)4. 
Proceeding as above, we will arrive at 


(x — 20)* In (~ — 20) = x4 In x, — ime~*"x4 4 e-nx! In x_, (8) 
(x — i0)4 In? (« — 70) 
= «A In? x, + e- [xd In? x_ — Qemxd In x_ — x4 | 


A #~—1, —2,..) 


(9) 


and similar expressions for the higher terms. 

To obtain the corresponding formulas for negative integral A, we 
turn instead of to (3) and (4) to the appropriate Laurent expansions, 
namely to 


a n—15(n—1) 
Pee cer (x) 


+ xy" + (A+ n) xZ" In x, 


(a2 —DIA+a) 
+ (A +n)? x7" In? x, + ..., (10) 
PE aed > = 
Fe ANAL a) Papa t= + (A + n) x2" In x_ 
+ 4A 4+ nxt inex +.., (11) 


tm = (— 1p [1 +m tn) —S Atm iT Atay +. . (12) 


Multiplying (11) by (12) and adding to (10), we obtain 


+ ely — [= + oa sh (x) + (A +n) [im 1)"x—" 
a ce §(n-1) >i Xr + n-1j sie 6(n-1) 
$= Oty tin el] + Sy Goat 


+ (— 1) wer" 4 Qiw(— 1)"x7" In &_ + x" In? | x | : (13) 
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Thus we arrive at 


(x + 10)-* In (x + 20) 


— (— [\"* gar" a pnt. 5 bin din N'(x) —n 
= (— 1)" tmx" + (— 1) 2 G@—D! 1)! + «™ In | x |, (14) 
= §("-1) (x) 
—n 2 —_ {— n—1 
(« + 10)-* In? (x + 20) = (— 1) 7 @—D 
4 (— 1)" nar" 4 Qe (— 1)" x7" In x_ 4+ x7 In? | x | (15) 


and similar expressions for the higher terms. 
General considerations imply that Eqs. (14) and (15) are the limits 
as Ay —> —n of Eqs. (5) and (6). Similarly, 
( — 10)- In (x — i0) = (— 1)! ina 
m2 §"—1(x) 


+(— 0 + tla al, (16) 
(x — i0)-" In? (« — 20) = (— 1)"2 ak E “i + (— 1)*-'n2x—" (17) 


+ 2im(— 1)?—x=" In x + x-" In? | x |. 
It is left to the reader to determine which of the generalized 


functions here introduced are homogeneous or associated, and of what 
degree and order. 


4.6. Expansion of r4 


The generalized function 74 was defined in Section 3.9 by 
(r', 9) = | r¥p(x)dx, (1) 
an expression which can be used for Re A > —xn. It is obvious that r+ 


is, for these values of A, a homogeneous function of degree A. In 
Section 3.9 we rewrote (1) in the form 


(A, 9) = 2, frets ryan, 
where 


S,(0) = G [_ wlede 
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is the mean value of the test function g(x) = g(x, ..., X,) on a sphere 
(hypersphere) of radius 7. Thus (74, g) is equivalent to the result obtained 
when the functional 2,x4 (with ~» = A+ — I) operates on the even 
test function S,(r), and it can therefore be analytically continued into 
the A plane except for the points A = —n, —n — 2,.... It is clear that 
the process of analytic continuation leaves r+ a homogeneous function 
of degree A. 

The Taylor’s or Laurent series for r4 can be obtained directly from 
the corresponding expansion of £2,x¢. For instance, the Taylor’s series 
about the regular point Ap is 


r4 = rho + (AX — Ap)r4o Inr + £(A — Ap)*r4o In? +... , 


where r* In* 7 is the functional defined by 


r™ 
5; Sim-21(0)| dr 


(r4oIn* 7, p) = 2, ie rrotn—] Inky [S.(r) — 9(0) —.. — [a= 


in the region —m — n < ReAy < —m— n+ | [recall that S,(0) = ¢(0)]. 


Let us turn to the Laurent expansion of r4 about A = —n — 2k. 
This expansion will, of course, coincide with the Laurent expansion 
of 2,x% about ~p = —2k — | (see Section 4.2), so that we have 

Se) (p) 
A —2k—n 
C= SOR AAT 
+ Q, (A + 4 2k" In te. (2) 


In this equation the left-hand side operates on ¢(x), the right-hand side 
on S,(r). Further, r-?*-" In™ 7 is understood as the functional defined by 


("In 7, Slr) ) = f ; rm-2 In r [Sy(r) — (0) — --- 


ico S(2k-2)(Q) — aie S20) a — r| dr (3) 
(Qk —2)1 °» (2k 
Note that r-*-" is not the value of the generalized function 7’ at 
= —2k — nm (in fact it has a pole at this point), but the value at 
this point of the regular part of the Laurent expansion of 77. 
In the expansions we have been discussing, the generalized function 
roIn*r is an associated function of degree A, and order k, while 
r—2k—n In™ y is an associated function of degree —2k — m and order m. 
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5. Convolutions of Generalized Functions 


In classical analysis one often deals with the convolution of two 
functions f(x) and g(x), defined by 


Sx) * ae) = | fl€e(# — eae. (1) 


In generalized functional analysis the analogous operation is perhaps 
even of greater importance. 

For generalized functions the definition of the convolution depends 
on the concept of the direct product. We shall therefore start with a 
discussion of this concept (Section 5.1). The remaining sections will 
be concerned with the definition and properties of the convolution, 
and will present some examples of its application. 


5.1. Direct Product of Generalized Functions 


Let f(x) be a generalized function defined on X,, the space of test 
functions (i.e., infinitely differentiable functions with bounded support) 
of the & independent variables x,, x2, ..., x,, and let g(y) be a generalized 
function defined on Y,,, the space of test functions of the m independent 
variables y,, Yo, ---» ¥m- We may use f(x) and g(y) to define a new gener- 
alized function A(z) on Z,, the space of test functions of then = k + m 
independent variables 2,, 2, ...,%,, Where 2, = x, for 1 <k, and 
2; = ¥i-, for kR <1 <n. This we do as follows. Instead of writing 
g(z), we shall write g(x, y). By fixing x we treat o(x, y) as a function 
only of y, which is then clearly in Y,,. We apply g(y) to this function, 
obtaining some new function %(x). This one is infinitely differentiable 
since 


W(x + 4x;) — (x) (x + Ax;, ¥) — 9(*, ¥) Op(x, ¥) 
Ax; = (0), : Ax; ) mi (e0). oe ); 


which follows from the fact that [p(x + 4%;, y) — (x, y)]/4x; converges 
in Y,, to Op(x, y)/@x; and that g(y) is a continuous functional. It is 
obvious also that %(x) has bounded support. Thus ¢(x) is in X,, and 
we may now apply f(x) to it. Hence the expression 


(F(), (e(y), 9 ¥))) (2) 


is a meaningful one. This defines a functional on Z,, and it is implied 
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by the continuity of g(y) and f(x) that this functional is continuous.} 
We shall denote it by A(z) = f(x) x g(y), and call it the direct product 
of f(x) and g(). 

The direct product is of a particularly simple form when 9(x, y) is 
the product of two functions g(x) and y{y). Then by definition we 
obtain 


(f(x) x By), Pile)paly)) = (F(), (Cy), 91) 2() ) ) 
= (F(%), Pil®E(y), aly) )) = Hs v1) (8 $2)- (3) 


Examples. The direct product of two delta functions is given by 
d(x) x d(y) = (x, y). Further, d(x) x I(y) is defined by 


(3(x) x 1(y), (9) ) = J 9(0,v)ay. 


If f(x) and g(y) are regular functionals, their direct product is the 
regular functional corresponding to the function f(x) g(y). 


THE SUPPORT OF THE DIRECT PRODUCT 


Recall that the set of essential points of f (points in every neighborhood 
of which the generalized function f fails to vanish) is called the support 
of f. Let F and G be the supports of f and g; we wish to determine H, 
the support of h = f x g. This support will be found to be the direct 
product F x G, in other words # is the set of ordered pairs (x, y) such 
that x is in F and y is in G. 


1 Let :7,(x, y) be a sequence converging to zero in Z,. We wish to show that the number 
sequence 


(F(*), (e(y), ¥(*, ¥))) 


converges to zero. For this purpose it is sufficient to show that all the ¥,(x) = (g(y), ”,(x, ¥)) 
vanish outside a fixed bounded region and that they converge uniformly to zero together 
with all their derivatives. The first of these assertions is obvious, since the ¢,(x, y) vanish 
outside a fixed region in Z,. Now let us assume that the 4,(x) do not converge uniformly 
to zero. This means that for some « > 0 there exists a sequence of points x), ..., x(”), ... 
such that 

| ¥,(%,) | = | (e(y), 9 (9) | > « 


But since the ¢,(x,y) converge uniformly to zero with all their derivatives, the 
?(¥) = 9,(*,, ¥) converge to zero in Y,,. The continuity of g(y) then implies that 


(e(y), pF (y)) = (ge(y), v,(*,, ¥)) > 9, 


in contradiction to our assumption. Thus the ¢%,(x) converge uniformly to zero. The 
uniform convergence of all the derivatives of this sequence can be proved similarly, 
and this then completes the proof. 
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Indeed, let (x9, yo) be a point one of whose coordinates, say x,, does 
not lie in the corresponding support. This means that f vanishes when 
applied to any g(x) in X; which vanishes outside some fixed neighborhood 
U of x). Consider any function ¢(x, y) in Z, whose support is in U. We 
shall show that (f x g, (x, y)) = 0. In fact, by definition 


(f X g, P(*, ¥)) = (FO); (e(*), P(*%, ¥))) = (F(0), 0) = 0 


so that f x g vanishes in the neighborhood of (xp, yo). 

If, on the other hand, x, and yy are in F and G, there exists a function 
g(x) %(y) vanishing outside an arbitrary neighborhood of (x, y,) and 
such that the application of f x g to this function does not give zero. 
This establishes the truth of the assertion. 


COMMUTATIVITY AND ASSOCIATIVITY 
We have 
S(~) x aly) = 80) x (4); 
f(x) x {e(y) x A(z)} = {F(%) Xx B(y)} Xx Ale). (4) 


To prove the first of these, note first that only continuous functionals 
appear in these equations, which therefore need be proved only on a 
— set of functions in Z,. We shall choose a dense set of the form 


oat PWD) where 9,(x) and fy) (yj = 1,2,...,¥ = 1, 2,...) are 
in X, and Y,,, respectively.2 For such functions we > have 


(fl) x (9), D, pil) ) 
= Di (S(*) x ay), Pi i(9)) = DF), Pl) ) (or), 449) ) 
and similarly 


(s(y) x £(®) >) PAH) ) = D (0) HA) ) (FO), P12) ), 


as asserted. 
The second equation is proved similarly on test functions of the form 


2; pi(*) ¥,(y) xj(2). 


2 This set is indeed dense in Z,. For instance, let g(x, y) have support inQ = {| x| < a, 
|y|< a}. Then by Weierstrass’ approximation theorem, for « = 1/v there exists a 
polynomial P,,(x, y) such that in Q’ = {|x| < 2a,|y| < 2a} it differs from ¢(x, y) by 
less than e, together with its derivatives up to order v. Further, let 5(x) be a fixed test 
function equal to unity for |x| < @ and to zero for |x| > 2a. Then as « — 0, the 
P,,(x, y) b(x) b(y) converge to (x, y) in Z,. 
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5.2. Convolutions of Generalized Functions 


Let f(x) and g(x) be two absolutely integrable functions on the line, 
and let h(x) = f(x) * g(x) be their convolution. Then the functional 
defined by the (also absolutely integrable) function h(x) can be written 
in the form 


(A(x), oe) = f We)o)ax 
[} [rece — Oat latex 
f [ f@eno€ + naedn. 


In other words, the desired result is equivalent to applying the functional 
f(x) g(y), which may be considered the direct product of f(x) and g(y), 
to the function o(x + y). 

It is now natural to define the convolution of any two generalized 
functions f and g in general by 


(f* 8,9) = (£(%) X aly), P% + 9¥))- (1) 


One must bear in mind, however, that g(x + y) is not a function of 
bounded support in (x, y)-space, so that Eq. (1) is not in general 
meaningful. 

However, under rather general assumptions which we shall soon 
make explicit, the definition is still workable. 

We have seen below that the support of the direct product of f(x) 
and g(y) is the direct product of the supports of these functionals. 
Now Eq. (1) will be meaningful if the strip | x + y| < a that contains 
the support of g(x + y) has a bounded intersection with the support 
of f x g. Then in| x + y| < a we can replace y(x + y) by a function 
g(x, y) with bounded support having the same values in the intersection 
of the strip and the support of f x g. Now we can calculate the value of 


(f X g, o(*, ¥)), 


and it is easily shown that it is independent of the behavior of ¢(x, y) 
outside the intersection. 

In particular, Eq. (1) is meaningful under either of the following 
conditions. 


(a) Either f or g has bounded support. 


(b) In one dimension the supports of both f and g are bounded on 
the same side (for instance, f = 0 for x < a, and g = 0 for y < bd). 
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Consider first case (a). Let, for instance, f(x) have bounded support 
and g(y) be any functional. Then 


(f * 8) p) = (F(*) X ay) (% + ¥)) = C(y), SH) PO +9))) 


Now (f(x), p(x + y)) is an infinitely differentiable function which 
vanishes for | y| so large that the supports of p(x + y) and f(x) do not 
intersect. It is therefore in Y,,,, and it is therefore meaningful to apply 
2(y) to it. 

If, on the other hand, g(y) has bounded support while f(x) may not, 
(f(x), p(x + y)) is infinitely differentiable but does not in general have 
bounded support. Equation (2) remains valid, however, since g() has 
bounded support and can therefore be applied meaningfully to this 
function. 

Now consider case (b). Let us assume that the supports of f(x) and 
g(y) are bounded, say, on the left. Consider ( f(x), p(x + y)). As before, 
this is an infinitely differentiable function of y. For sufficiently large 
positive values of y, the support of g(x + y) does not intersect that of 
f(x). Thus for such y the function (f(x), (x + y)) vanishes, and its 
support is therefore bounded on the right. But the support of g(y) is 
bounded on the left by assumption, so that the intersection of the 
supports is bounded, and the right-hand side of Eq. (2) is meaningful. 

Thus for cases (a) and (b) the convolution of f and g is well defined. 
In particular, the convolutions 6 * f and D& * f are well defined, where 
D is any differential operator; this follows from the fact that § and Dé 
are concentrated at a point. 

Let us obtain an explicit expression for 5 * f. By definition 


(5 * f, y) = (x) x f(y), o(* + ¥)) 


= FO), 6(*), P% + ¥))) = FO) 99) =F ®) 
Thus for any f 
b+ f=f. (3) 


D8 « f = Df. (4) 


Similarly 


What we know about the direct product of functionals shows that 
their convolution is commutative, at least in cases (a) and (b); in other 
words, 

Frees: 


A similar statement may be made about associativity; we may write 


(fx g)*h =f x (gh), 
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assuming that the supports of two of the three functionals involved are 
bounded on both sides or that all three are bounded on the same side. 

We now wish to prove the following formula for the derivative of the 
convolution: 


D(f * g) = Df * g =f * Dg. (5) 


This is a formula which will be found quite useful in the future. 
We have 
(D(f * 8), %) = (f * 8, D*9), 


where, for instance, D* = (—1)’D if D is a homogeneous differential 
operator of order v. Further, by definition of the convolution we have 


(f+ g, D¥p) = (g(r), (f(x), D¥e(* + ¥))) 
= (s(y), (Pf(*), p* + 9») = (Df * & @); 


from which it follows that D( f * g) = Df * g. The rest follows from 
commutativity: 


D(f * 2) = D(g * f) = Dg * f = f * Dg, 
which establishes the desired result. 


We wish further to prove a useful lemma on the continuity of the 
convolution. 


Lemma. If f,—/f, then f, + g—/f * g if any one of the following 
conditions is fulfilled: 


(a) All of the f, are concentrated on a single bounded region. 

(b) g is concentrated on a bounded region. 

(c) The supports of the f, and g are bounded on the same side 
by a constant independent of v. 


Proof. By definition of the convolution, for any g in K we have 


(f, * 8, p) = Fy), (e(~), o(* + ¥))). (6) 


In case (a) we may replace (g(x), g(x + y)) by some ¢(y) in K which 
vanishes outside the region in which all the f,(y) are concentrated. Thus 


f, *8 %) =(0) 40) > LY = (F* 8 9) 


so that 
re * g —>f * 2, 
as asserted. 
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In case (b) the function ¢(y) = (g(x), p(x + y)) is in K; proceeding 
then as in case (a) we obtain the desired result. 

For case (c), let us assume to be specific that the supports of the f, 
and g are bounded on the left. Then ¢(y) = (g(x), o(x + y)) has support 
bounded on the right. This function can be replaced by another in K 
which vanishes outside the region on which all the f,(y) are concentrated, 
and then proceeding as above we obtain the desired result. This proves 
the lemma. 


Corollary. If f = f; is a functional depending on a parameter t 
so that 0f,/@t exists,’ then 


o _ 
op Ue * 8) ee 


will hold under each of the following conditions: 


(a) All the f,; are concentrated on a given bounded region. 
(b) g is concentrated on a bounded region. 


(c) The supports of the f; and g are bounded on the same side by a 
constant independent of tf. 


To prove this corollary reduce it to the lemma just proven by using 
the fact that 0f,/@t is the limit as At + 0 of 


Siar —S 


At 


5.3. Newtonian Gravitational Potential and Elementary Solutions 
of Differential Equations 


The classical (Newtonian) gravitational potential for a piecewise 
continuous mass density distribution p(x,, x, X3) in a bounded region 
is given by 


foo 2 23 HE; £95 Es), dé, dé, . 
u(x, Xo) 3) os An | | | VE, — *1)* + (bo — Be)? + (bs — %5)* (é, ax X»)? + (é ie x4) ( ) 


It is known that u(x,, x,, x,) is a function having derivatives through 
the second order and that it satisfies Poisson’s equation 


Au(x,, X, Xg) == p(X, Xo5 Xp)- 


8 Differentiation with respect to a parameter is discussed in more detail in Appendix 2. 
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Now Eq. (1) can also be written as the convolution 


1 
u=p»*(—z-} (r? = xt + x2 + x). 
Here » may be any generalized function with bounded support. Then 
in general u will also be a generalized function. It turns out, in fact, 
that Poisson’s formula holds in general. Indeed, recalling that 
A(i/r) = —4ré (Section 2.3) we may write 


du = 4[p x (—Z)] =p«4(— 2) apd =p. 


Now let 
P(D)u = p (2) 


be any linear differential equation with constant coefficients, and let 
pu be any generalized function. We shall call a functional E(x) an elementary 
solution of Eq. (2) if 

P(D)E =8 


(to E may be added any solution of the homogeneous equation). When 
an elementary solution E is known, a solution of (2) can be written as 
the convolution 

u=preE 


if, for instance, pu is a generalized function with bounded support. Indeed, 
P(Dyu = p * P(D)E =p *8 =p. 


For example, the regular functional E = —1/4zr is an elementary 
solution for the Laplacian in three dimensions. In m > 2 dimensions 
an elementary solution for the Laplacian is the regular functional 
—[(n —- 2) 2,]-'7?-", where 22, is the surface (hypersurface) area of 
the unit sphere; for m = 2 the regular functional —(27)7! In r~ will do. 

As an example, let us see how to construct an elementary solution of 
an ordinary differential equation with constant coefficients,* namely 


QE™ + ak) +... + a,E = &x). (3) 


Let u(x), ..., U(x) be a fundamental set of solutions of the homogeneous 
equation 
agu'™ (x) + aul) (x) + ... + ayu(x) = 0. (4) 


* Actually the proof depends only on the existence of a fundamental set of solutions, 
which is true also for equations with variable coefficients so long as ap fails to vanish. 
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We write 


A(x) = aytty(x) +... + Ontte(x) for x > 0 


E(x) = B(x) = Byu,(x) +... + Byt(x) for x <0 


and shall choose the a, and 8; to satisfy Eq. (3). Since the delta function 
is the derivative of 6(x), it is sufficient to require that at x = 0 we have 


A(0) = BO), A'(0) = B’(0), ..., A'™-2(0) = Bi-2)(0), : 
a,{[A@-)(0) — Bir-0(0)] = 1. (5) 


Setting a, — 8; = y; («= 1,...,”), we obtain the following set of 
equations for the y,: 


y4%,(0) + ... + yn, (0) = 0, 
y%@{(0) + ... + yn¥,(0) = 0, 


(6) 
y,ul"-2)(0) +... + v,,t4'"—-2)(0) = 0, 
YH YO) tae + yult-PO) =. 
0 


This set always has a solution, for its determinant is the Wronskian of 
the fundamental set of solutions u,(x) and thus never vanishes. 

We see consequently that the elementary solution is quite arbitrary: 
only the y,, the differences of the coefficients of the fundamental set, 
are uniquely determined. This arbitrariness is very easily explained 
when we recall that the fundamental solution is determined only up to 
an additive solution of the homogeneous equation. This fact is used to 
construct Green’s functions, which are elementary solutions satisfying 
particular boundary conditions.5 


Example. Consider the equation 
E" = 8(x). (7) 
For this case we may take u, = 1, u, = x so that 


A(x) =a + ax, B(x) = By + Box. 


5See, for instance, M. A. Naimark, “Linear differential operators” (in Russian) 
Gostekhizdat, 1954. German translation: M. A. Neumark, ‘“Lineare Differential- 
operatoren.”’ Berlin, 1960. 
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Then the y, = a; — 8; are 


V1 = 0, v2 => 1, 
Hence 
E = B, + Box + *4. 


This could, of course, have been seen immediately by inspection of 
Eq. (7). 

In Section 6 and in Chapter III, Section 2, we shall construct elemen- 
tary solutions for a large class of partial differential equations. 


5.4. Poisson’s Integral and Elementary Solutions of Cauchy’s Problem 


Poisson’s classical formula in the theory of heat conduction is 
u(s, t) = —— [exp (— 5S) wae, (1) 
a 


where we shall take p(£) to be a summable function with bounded 
support. It is well known® that u(x, t) has a first derivative with respect 
to ¢ and the first two derivatives with respect to x, and that it satisfies 
the heat equation 


oF Oat (2) 
with the initial condition 
u(x, 0) = p(x). (3) 


The function u(x, ft) is the temperature at any point x of an infinite 
conducting rod at any time ¢ if the initial temperature p(x) is known 
at t = 0. Equation (1) can be written in the convolution form 


u(x, t) = p(x) * 5 exp (— ~ | ; (4) 


In this equation we may now take p to be any generalized function with 
bounded support. Then in general u(x, t) as given by (4) will, of course, 
be a generalized function depending on the parameter t. We shall prove 
that this generalized function is a solution of the heat equation (2) with 
initial condition (3). 


®*Smirnov, “Higher Math,” Vol. 2, p. 548. See also R. Courant and D. Hilbert, 
“Methods of Mathematical Physics,” Vol. II, p. 198. Interscience, New York, 1962. 
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Note first that for ¢ > O differentiation of 


u(x,t) = me exp (— +) 


in the sense of generalized functions, both with respect to x and with 
respect to the parameter #, is equivalent to ordinary differentiation with 
respect to x or ¢t. From the lemma we have proven on the continuity 
of the convolution (Section 5.2) we have 


F (ula) * 0x, t)) = ple) * © ox, 2) 


and from the formula for the derivative of the convolution in the same 
section we have 


a a 
pgp (HU = Be DGD. 
Thus 
a @ 2 @ 
(ar — Ga) &*) =H * (Ge - Ga) 
But 


7) e 1 ig 
(ar — aa) aye? (- ae) = 
so that » « v is indeed a solution of the heat equation. 
On the other hand, since (2 V7t)-! exp (—x?/4t) converges in the 


sense of generalized functions to 8(x) as t> 0 (see Section 2.5, Example 2), 
it follows from the lemma on the continuity of the convolution that 


1 x* 
u(t, t) = * exp (— Fr) ow =o 


as asserted. 

Now let 
Ou é 
ae —P (Gq) * 
be any differential equation with constant coefficients. We may now 
state Cauchy’s problem: To find the solution to this equation (i.e., 
a generalized function depending on the parameter t) which at t = 0 
is equal to a given generalized function u,(x). The particular solution of 
Cauchy’s problem which at t = 0 is equal to 8(x) will be called the 
elementary solution of this problem and will be denoted by E(x, t). For 


the case of the heat equation (2 Vzt)-! exp (—x?/4t) is such a solution. 
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If the elementary solution is known, Cauchy’s problem with initial 
condition u,(x) may be written, assuming that u (x) has bounded support, 
in the form of the convolution 


u(x, t) = E(x, t) * ug(x). 


Indeed, for t > 0 we have, on the one hand, 


lee —P (ge)] m9 
= £ [E(x t) * m(2)] — P(Z) [BG 1) « uo(a)] 
= ce) ren p(z) E(x, t) * ug(x) 


_ [eE 


= lar - PI 


<\z] + u(x) = 0 « u(x) = 0, 


and, on the other hand, 


Lim u(x, t) = [lim E(x, t)] * g(x) = 8(x) % g(x) = uo(2), 


as asserted. 
We may consider also the more general linear equation 


é é 
P( op > Ge) wet) = 0 ©) 
of, say, mth order with respect to ¢, still with constant coefficients. 
For this case Cauchy’s problem is to find the solution u(x, t) of (5) 


which satisfies the initial conditions 


a™—lu(x, 0) 


PA) 4), oy PM) <a e). — 


u(x, 0) = u(x), 


We shall call an elementary solution of (5) a solution E(x, t) which 
satisfies the initial conditions 


_ GE (x,0) _ am-2 B(x,0) 
E(x, 0) => 0, = Sigg es = 0, wery rT => 0, 
am-1E(x, 0 2 
om TE(e, 0) = 5(x). 


otm-1 
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If the generalized function u,,_,(x) has bounded support, the solution to 
Cauchy’s problem for Eq. (5) with initial conditions 


du (x, 0) am—2u(x, 0) _ am ly(x, 0) 


u(x, 0) = 0, Ct = 0, we'e9 otm-2 0, et™-1 rei Um—(*) (8) 


can be written in the form 
u(x, t) = E(x, t) * Um_y(*). (9) 


This form is also valid for any u,,_,(x) if E(x, t) has bounded support. 
Indeed, our function u(x, t) is, on the one hand, a solution of (5), 
since the differential operator P(@/@t, 2/@x) can be applied to E(x, t). 
Further, as t > 0, we have 
u(x, t) > E(x, 0) * tm_s(*) = 0, 
du (x,t GE (x,0 
—@0 = ae" * Um—(*) = 0, 


om—ly(x, t om-1E(x, 0 
wet = Oe) * Um_y(*) = Um_y(*). 


Example. Consider the vibrating-string equation 


Cru Ou 


Cae Noe SS), (10) 


We wish to show that the elementary solution of Cauchy’s problem 


for this equation is 


4+ for |x| <t 
—)2 ’ 
a oe 0 for |x| >t. 


Indeed, for fixed t > 0 we have 


OE(x, t) ee 1 
SOD fale + 1) — ae" — 9), 
@E (x, t ; ; 

7 ) = da(e 4t)— Fae — 9), 


and for fixed x we may differentiate E(x, t) with respect to the para- 
meter ¢, obtaining 


GE) = oe +1) + $800 — 0), 
(11) 
ae = 78(« + t) — 38(* — 2), 


which then shows that (10) is satisfied. 


5.4 Convolutions of Generalized Functions 113 


Further, allowing ¢ to approach zero in (11), we obtain 


OE(x, t) 
COR Wag 
so that the initial condition defining the elementary solution of Cauchy’s 
problem is also satisfied (it is obvious that as t > 0 the solution E(x, t) 
itself converges to zero). 

This leads us to a general formula for solving Cauchy’s problem for 
the vibrating string equation (10) with initial conditions 


u(x, 0) = 0, Pus, 9) = U,(x). 


According to (9) we have [assuming u,(x) to be a locally summable 
function] 


u(x,t) = E(x, t) * u(x) = fo BCE, tu(e — 8) dé 


4 t 4 x+t 
=4[ m(x— Ode =4[ — m(n)dn. 
—t x—t 
The elementary solution E(x, t) we have obtained in this case has 
bounded support, so that E(x, t) * u,(x) exists for any generalized 
function ,(x). 
We may now go over to the most general case in which we are given 
the functions 


u(x, 0) = u(x), euler). = U(x), ...5 oe = Um—(*), 


ot 
each of which has bounded support (although if E(x, t) has bounded 
support we may drop this last condition). First let v be a solution satis- 
fying the initial conditions 


dFu(x, 0) 


m1, 
ae =O (k= 0,1,2,...m — 2), o™1v(x, 0) 


orm 1 


= Um—o(*) , 


then u,(x, t) = @v/dt satisfies the same equation but with initial con- 
ditions in which only &”~*u,(x, 0)/ét™-? and @”—1u,(x, 0)/at—! are 
nonzero. If we subtract from u,(x, t) the solution u,(x, t) of the same 
problem with the initial conditions 


Ou,(x,0) _ Olu(x, 0) A" M(x, 0) 
se =O (k=0,1,2,...m —2) Saar =— Gea 
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we will obtain a third solution ug which at t = 0 will have only the 
(m — 2)nd partial derivative with respect to time not equal to zero; 
moreover, this derivative will be equal to the given function u,,_,(x). 
Similarly, for any k < m — 1 there exists a solution such that at t = 0 
of the first m— 1 partial derivatives with respect to ¢ only the Ath 
will be nonzero, and moreover this one will be equal to the given 
function u,(x). The sum of such particular solutions will then give the 
solution to the general problem. 

Let us use this method to solve Cauchy’s problem for the vibrating- 
string equation (10) with the general initial conditions 


G9) 0) 


u(x, 0) = u,(x), = u(x). (12) 


We proceed as follows. First we find a solution u,(x, t) for the initial 
conditions 


o(,0)=0, 29 _ af, 


We have already seen that this solution is 


2+1 
ox, t)=$[ — uglE)dé. 
x—t 
By differentiating v(x, t) with respect to t, we arrive at the new solution 


Ov(x, t) 


Bp MaC%s t) = $ Looe + 4) + u(x — 2)], 


which satisfies the initial conditions 


u(x, 0) = £oe 0) : 


= = u,(*), 
ane,” Dt ES Hol) _ _0. 
From this we see that the solution corresponding to the initial conditions 
of Eq. (12) is 
me e+t 
u(s, #) = MEE Hole gf (ee 


This is the celebrated formula of D’Alembert. 

Later (Section 6) we shall use similar methods to obtain elementary 
solutions of Cauchy’s problem for a wide class of partial differential 
equations. 


5.5 Convolutions of Generalized Functions 115 
5.5. Integrals and Derivatives of Higher Orders 


Cauchy’s well-known formula 


ents) = ff ff ended. dls 


= aay | ee -are 


reduces the calculation of the m-fold primitive of a function g(x) defined 
for x > 0 to a single integral. This formula may also be written in’ 


the form 
xn~l 


BX) = g(x) * ain = o(%) * Tim”? 


where for x < 0 both g(x) and x” are replaced by zero. 

It would seem quite natural to generalize this formula to the case of 
arbitrary index A and arbitrary generalized function g concentrated on 
the half-line x > 0. We thus define the primitive of order X of g as the 


convolution 
-1 


gus) = gto) (1) 


This formula holds quite simply for Re A > 0. For other values of A 
we must understand x41/I(A) as the generalized function constructed 
in Section 3.5. Since it remains concentrated on the half-line x > 0, 
the definition in terms of the convolution remains consistent. We shall 
find it convenient to call this generalized function ®,, writing 


| gx(2) = g(2) * ®,. (2) 
Recalling that 
@_, = 8x)  (k=0, 1,2,...) 
(see Section 3.5), we may write 
Bo(*) = 8(*) * Po = g(x) * O(%) = g(x), 
8-1(*) = g(*) * P_, = g(x) * 8'(*) = g(x), 


and similar expressions for other orders. Thus Eq. (2) with various A 
will give not only the integrals but also the derivatives of g(x). We shall 
thus henceforth say that the convolution 


Gazer Py 
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is the derivative of order X of the generalized function g, writing 


di 
8-1 = Ta &: 
The ®, have the property that 
PD, * D, = Dy, (3) 
or 
xi} xt gitind 


TO)" Tw) TO Sp: 3) 


Let us first prove this formula for Re A > 0 and Rep > O. Since 


xt at pe ge @ gy 


%*%=TH*TH~) TO Te 
and 
xhtel 
Pie = FOE 


we need only prove that 


FA) (p) dtu | 


| aS. 


We set £ = xt on the left-hand side, so that the integral becomes 
1 
ated | “4-1 — t)—dt, 
Uv . 


and what we wish to prove is seen to follow from the well-known 
relation 
PAW) 


BQ, ») = | el — t)eldt = TOF a” 


Equation (3) can now be proven for other values of A, u by analytic 
continuation. 

A further implication of (3) is that if g is any generalized function 
concentrated on the half-line x > 0, then 


(g* D)* O, = gx (D,* O,) = gx Dy, (4) 


Setting » = —A we see that differentiation and integration of the same 
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order are mutually inverse processes. It follows further from (4) that 
d® ;d% dé+vg 

get Caer) = gee (5) 
for any 8 and y. 


Let us point out some other implications of (3). Replacing A by —A, 
we may write 


da ee = ot 
dxt (Ts ) a 5 Pe (6) 
In particular, for » = | we have 
da} Ps 
de = ey S:) 
Writing » = —k in (6), where & is a nonnegative integer, we find that 
da xe a- —1 
Fx (8) = Teo (7) 
If, on the other hand, » — A = —k, where 2 is a nonnegative integer, 
Eq. (6) implies that 
d’ ae 
(k} 
dxt (ray 5) = =o Orel): (8) 


Example 1. Consider Abel’s integral equation 


L pt _ fag 
) — Ta) le OF a 


Here g is given and f is the unknown function. 

In the classical theory’ a is assumed less than 1, which ensures the 
convergence of the integral on the right. We, however, need not make 
this assumption, since the right-hand side can be understood for any a 
as the integral of order A = —a + | of a generalized function f, that is, 
as the convolution 


8(*) = f(x) * ®,. (9') 


In order to obtain an expression for f in terms of g, we must obviously 
apply the differential operator of order A to the latter. We thus have 


7See Fikhtengolts, ‘Calculus,’ Vol. III, p. 290 (« = 3). See also E. T. Whittaker 
and G. N. Watson, ‘“‘A Course of Modern Analysis,” p. 229. Cambridge, Univ. Press, 
London and New York, 1943. Hereafter referred to as Whittaker and Watson, ‘““Modern 
Analysis.” 
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f(*) = (@/dx*) g(x). The solution is obtained by taking the convolution 
with ®_,, so that 


o(e) * D_, = (f(a) * ®,) « B_, = f(x) « (O, * O_,) 
= fi) «8 = f(x), 


Let us assume, in particular, that 0 < a < 1, so that ©, becomes 
the ordinary function [I(1 — «)]-!x;* and Eq. (9’) can be written in 
the form of (9). In this case —A = a — 1 and Q, is a singular functional 
so that in general the solution of (9) cannot be written in the classical 
form. If we assume further, however, that g(x) is differentiable, then it 
becomes possible to use the classical form. Explicitly, we have 


(10) 


g(8) * Py = a2) + Fa = Fw) * a= Te | EO 
or in other words 
1) = rs eo os 


This expression was in fact obtained by Abel in solving Eq. (9) with 
a = 4. 

Example 2. Many special functions can be written as derivatives of 
nonintegral order of elementary functions. There exist two such expres- 
sions for the hypergeometric function.§ This function, written F(a, B, y; x), 
is defined for Rey > Re B > 0 and for|x| <1 by the integral 


Ly) : e 

5%) = — o_O — tyr-F-11. — tx) -* at. 2 

Fo By) = rere pH IO — Pa — #8) (12) 

For the remaining values of 8, y (y 4 0, —1, —2,...) and| «| <1 

it is defined by analytic continuation or by regularizing the above 

integral (see Section 3.8). Let us write w = tx in this expression. We 
then obtain 


Flow Bovis 8) = poppe [WPA — )-ae — wy dw, (13) 


which we may write in the form 


dev xf — x);* 
a ) say es By y; *) = dxb-v (= ~ (By ) . 


®&See Fikhtengofts, ‘Calculus,’ Vol. II, p. 793. See also Whittaker and Watson, 
“Modern Analysis,” p. 293. 


(14) 
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Thus [x’-1/I(y)] F(a, B, y; x) is the derivative of order 8 — y of the 
function x8"(1 — x);*/I'(8). This may also be written in the convolution 
form 

aPt ee — 4)" 


Tey MOB) = Teg (15) 


Another expression for the hypergeometric function as a derivative 
of nonintegral order can be obtained by writing w = x(1 — t)/(1 — tx) 
in the integrand of (12). This gives 
Py — ay 


F(a, B, y; *) = Tilo — py 


an wr-P-1(] — w)*-r(x — w)P-1 dw. (16) 


In other words, 


xv] — x)a+8-v dF pxtP-1] — xo 


To) F(a, B, v3 *) = aa To | (17) 
By comparing (14) and (17) we obtain the well-known relation 
Fa, B, y; *) = (1 — x)”-* FF ly — a, y — B, y3 4). (18) 


An interesting relation for the hypergeometric function is implied 
by the previously derived Eq. (5) 


dé d’g do+rg 
at (ge) ee (19) 


Let us take the derivative or order —8 of both sides of (14). This gives 


d-§ -xr-1 de-r-8 px] — x), 
a8 [Tuy 7 B.yix)| = ~ dxB-y-8 | LB) | 

xyt+d-1 5. 

= To fey B, y + 9; *). (20) 
In integral form this is 
(vy + 8) Oe aia = 
F(a, B, y + 8; x) = Tere i. wr-lF (a, B, v3 w) (x — w)? dw 
_ Ly +8) 


= Toye) is wr-l(] — w)®-F(a, B, y; xw) dw. (21) 


This formula will hold for all values of «, 8, y, 5, if we understand the 
integral on the right in the sense of its regularization (see Section 3.8). 
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The differential representations of the hypergeometric function in 
(14) and (17) may be used to establish the conditions under which the 
function is a polynomial or a polynomial multiplied by (1 — x)?. 

Let 8 = —k, where kis a nonnegative integer. Then x6-1/I(B) = 8(x). 
Thus (14) becomes 

x-1F(a, — ky y; x) db? 

ee = Faecy [ML — #88 (x). (22) 
Now the expression® (1 — x)~%5)(x) is a linear combination of delta 
functions and its derivatives: 


(1 a x)—*§'*) (30) = > (— 1)°Cr ane 5{F—1)(x), (23) 


According to (7) we have 


d-k-y xtty—1 
(k—-r} — 
dx—k-v [8 (x)] I(r at y) : 


Insertirig (23) into (22), performing the required differentiation, and 
cancelling out x’-1/I(y), we arrive at 


en he, ed PCA Os 

He eye) = 2 et Tay Feet) (24) 
(where y need not be a negative integer or zero). The function 
F(a, —n,y;x) is called a Jacobi polynomial and is denoted by 
G(a, —n, y; x). It follows from (18) and (24) that if B — y =n is a 


nonnegative integer, the hypergeometric function becomes 
F(a, y + 2, y; *) = (1 — *)-*""Giy — a, — 1, y; *). 


From the symmetry relation F(a, B, y; x) = F(B, a, y; x) we may 
obtain a similar relation for the cases in which a and y — a are negative 
integers or zero. 

Let us now treat the hypergeometric function as a function of y. 
From (14) we see that it may have a singularity if y is a negative integer 
or zero. At y = —nm the Iy) function has a pole with residue (—1)"/n!. 
If a or f is also a negative integer or zero, for instance if 8 = —m but 
with m < n, according to what we have said the hypergeometric function 


® This product is well defined, for since 5‘*)(x) is concentrated on the origin, we may 
replace (1 — x)-% by an infinitely differentiable function equal to (1 — x)-* in a neighbor- 
hood of the origin. 
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degenerates into a polynomial. If, however, this condition is not fulfilled, 
it has a pole (as a function of y) with residue 


(= 1)"*"*1 1)"x gttl qbtn xP (1 — x); = (— 1)"x"41 ad” F(a, B, 1; x) 95 
om! xen ( T@®) a ye te AO) 
Let us now consider the Bessel functions! and show that u?/?],(/u) 
can also be represented as the derivative of nonintegral order of an 
elementary function. Recall that for Re p > —4 we may write 


J,(3) = ar ae TE ip (1 — 22)?-4 cos zt dt. (26) 


For other values of p we may understand this integral in the sense of 
its regularization. We now set zt = w, which gives 


or 
27-/ ru? 2 J (Vu) = 5 (u —v)P- £os Vv dv. (28) 


o I'(p + 4) Vu 


This may be written in the form 


Devin wr i) = 27 [SV (29) 


Let us now take the derivative of order —g — 1 of both sides of 
this equation. Then 


d-»-2-# =p cos-Vu 
om 
— Qptatl 4/7 yt(pta+)) Trtqe(Vt). (30) 


— [2>/ar ur] (Vu) = 


du-@-) u—P—a—-# 


In integral form this equation reads 


QeHly tore) J(u) = [ vir J (Vv) a — dv. (31) 


10 See Smirnov, ‘‘Higher Math,” Vol. 3, Part 2, Chapter VI, Section 2. See also G. N. 
Watson, ‘Treatise on the Theory of Bessel Functions.’’ Cambridge Univ. Press, London 
and New York, 1922. 
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The substitution u = x*, v = x* sin @ transforms (31) to 


xatl 


dn 
J otq+il*) = Tq +12? i I Ax sin 8) sin?+1 6 cos2¢+1 8 dé. (32) 
0 


This is called Sonin’s integral, since the expression was obtained by 
N. J. Sonin (Sonine) in 1880 for nonnegative integral p and q. 


6. Elementary Solutions of Differential Equations 
with Constant Coefficients 


6.1. Elementary Solutions of Elliptic Equations 


Consider a linear differential operator L(é/éx,, ..., 6/8x,) of order 2m 
and with constant coefficients. Let L, be its principal part, that is, the 
sum of terms which contain only derivatives of order 2m. We shall call L 
an elliptic operator if, when each partial derivative 0/0x, in L, is replaced 
by a number w,, the polynomial L,(w, ..., w,) obtained is nonzero for 
w = (a, ..., @,) ~ 0. 


The equation to be solved is 


a a 
Lae = rome sasy Xp) = B(%yy sary Xp) (1) 


We shall do this in the following way. 
1. Replace the 6 function on the right-hand side by 
yA 
Q,P(RA + 3M)” 


which according to Eq. (9) of Section 3.9 is equal to the delta function 
for AX = —n. 
2. Expand 
yA 
QT(EA + $1) 


in plane waves [i.e., write it according to Eq. (4) of Section 3.10]. It is 
then represented as the average over all directions w = (a, ..., wy) of 
a function of the form C | w,x, +... + w,x, |4. We then solve the 
much simpler differential equation which has | w,x, + ... + w,x, |4+ on 
the right-hand side instead of the § function. 
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Thus, proceeding, we write (1) in the form 
é 7) 2r4 

L AL 3 seeyg Ps SS a ee 3 2 

(a Zaz) 2, rd Ket 4n) (2) 


which yields (1) when A = —n. 
Using Eq. (4) of Section 3.10 to represent the right-hand side of 

this, namely 
2r4 1 


QT: +4in) Qrewraaryh a wt, tdw. (3 
QTE a $n) Q, rt T(4d ais 3) i. 4X + + WX, |4dw. (3) 
If now we solve 


o é fa | WX} + eee + WnX%y, i? 
Ls. ie: aa)” a Q nk UTADA 4 2) (4) 


for v, a function depending only on € = w,x, + ... + wy_X,, We can 
write the solution of (2) in the form 


U(X) 10) X_) = I. U(w,Xy +... + WyXp)dw. 


Now the solution of (4) reduces to solving an ordinary differential 
equation, for when applied to v(£) = v(w,x, + ... + wpxX,) the partial 
derivative operator may be written 


SO ei 
ox, "dé 


When this is done, the ordinary differential equation of order 2m for 
v(é) obtained from (4) is 


@ d\ Ral 
L(w, dé y evey Wy Je = QnA +4 7 4) (5) 


The right-hand side of this equation depends on A in addition to é, 
while the coefficients on the left depend on the w,. Consequently v 
depends on é, A, and w. We shall thus write 


v = v,(€, A). 


Let G(é, w) be an elementary solution of (5), so that 


d d 
L(w, wer On rakes w) = &(é). 
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Then 

valé ) = [” GE ne)inPan 6) 

Q,nt™-D (4 4. 4) J -« 
and 
U(X}, +05 %,) = i V4 (Oy%y + ove + Wp%n, A). (7) 
Q 

To obtain the desired elementary solution of (1) we set A = —n in 
(6) and (7). 


A particularly simple result is obtained when the dimension is odd. 
For this case we have 


In? = C31 (7), 
PRA + §) lien 
so that 
n—1, 
v(€, — 2) = CAGE, «) (8) 


o€"-1 


Hence in the case of odd dimension the elementary solution of the 
elliptical equation (1) can be written in the form 


n—1 
rT] Creare) eat OM 2 Set G(E, w)dw. (9) 


Here € = w4x, + ... + w,%,, and G(&, w) is an elementary solution for 
the operator L(w, d/dé, ..., w, d/d&). It can be shown that 


C (— 1)dm-D 
1 #n-1) 21. _9)\° 
Q,,(27) 1-3... (a — 2) 


Speaking more rigorously, the existence of the convolution of Eq. (6) 
and the ability to integrate (7) has yet to be established. The simplest 
and most direct way to do this is to obtain an explicit expression for 
G(é, w). We shall, however, proceed differently. We shall avoid the 
existence problem and present a different method for obtaining v,(&), 
a method that leaves no doubt as to the possibility of integrating over 
the unit sphere. 

Note that if the generalized function v(£) depends continuously on 
several variables, so does its derivative of any order with respect to € 
(see Section 2). If, moreover, v(£) is a solution of L,v(€) = f(€) (where 
L; is a differential operator with constant coefficients), its derivative 
w(£) = dv(€)/dé is a solution of Lgw(é) = df(&)/dé. We note also that 
if two generalized functions v,(£) and f,(€) depend continuously on a 
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parameter A and iffor A 4 Ay (in a neighborhood of A,) v,(£) is a solution 
of L.v,(é) = fi(€), then v,(€) is a solution of Lev, (£) = fi,(€). 

Let us assume first that Re A > 0. Then the right- hand side of (5) 
is a continuous function of ¢, and that a solution exists is known from 
classical existence theorems. Further, for Re A > 0, the right-hand 
side depends continuously on A, so that v also depends continuously 
on A. Further, the coefficients on the left-hand side of (5) depend 
continuously on w (with Xwt= 1), and the leading coefficient 
L,(w, .-) @,) has positive minimum modulus, for the operator is 
elliptic. Therefore v also depends continuously on w. In particular 
v depends on A and w continuously in the sense of generalized functions. 

We may now note that when A 4 0 double differentiation with respect 
to é of the right-hand side of Eq. (5) reproduces it (up to a factor of 2A) 
with index reduced by two. Then according to the preceding remarks 
we can obtain a solution of (5) depending continuously on w for all A 
by multiple differentiation of a solution v,(€, A) corresponding to Re A >0 
and, if necessary, by passing to the limit. 

For the case of odd m we start by differentiating v,(&, A) for A = I. 
Its second derivative is G(£,w) up to a factor, since the right-hand 
side of (5), up to a factor, becomes 6(€) when A = —1. Further differen- 
tiation yields Eq. (8). 

For even m the solution v,(é, A) is found for small positive A and 
then doubly differentiated with respect to € and divided by A; then A 
is allowed to approach zero. The result yields a solution of (5) 
corresponding to A = —2. Further differentiation will give v,(€, A) for 
A= —4, —6,.... 

Let us consider in more detail the case of a homogeneous elliptic 
differential operator L = Ly. The ordinary differential equation (5) in 
this case becomes 


| € |? 


L(wy, ..., @,)ve@™(E) = ——— > 
(cy, «+2, Wo?) Qn Gra +h 


so that 


|é | 
(2m) i es 
poe) Q, 8 ™-D T(Z + 2)L (ey, «.., @p) 
To find v(£), we need only integrate the right-hand side of this 
equation 2m times. As we have shown in Section 3.4, the result is 
! a GR 


OS ena pe | OE 
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where 
£2m—2k 


O48) = 2, Geaiji Gm = II EDD 


Thus the solution of Eq. (2) when L is a homogeneous elliptic operator 
is given by 
eee Seeeee 
OnlOER +B) 


U(X, oy Xp) = 


dw 


pera oie set el 
m ie Q+1)nQ+ im +2 (X our) foe 7 
In particular, for A = —n this formula will give an elementary 


solution of a homogeneous elliptical differential equation of order 2m. 

Note that the integral over the unit sphere 2 of each term in Q,(€) 
is a polynomial of degree less than 2m and therefore satisfies the equation 
L(é/8x,, ..., 8/8x,) u = 0, so that we need include in the elementary 
solution only that term in this expression which is required for the total 
function obtained, not to have a pole at X = —n; all other terms may 
be dropped. 

Let us analyze the form of the elementary solution in more detail. 
We shall consider separately the cases in which the order of the equation 
is no less than and less than the dimension, i.e., the case 2m > nm and 
2m <n. Let us first treat the former. We shall need further to consider 
even and odd m separately. For odd m and 2m > n we may pass to the 
limit in (10), obtaining the expression 


ee Go 1)t-1) | eoyXy wee + Wy Xp [2 
i 4(27r)" (2m — n)! Jo (wy, «.., &n) ae (11) 


” Sar, a 


for the elementary solution. We have dropped the polynomial Q,(&), 
since in the limit it serves no purpose. 

For even m and 2m > n, to obtain a finite expression for A = —n 
we must add to 


(A + 1)... (A + 2m) 
that term of Q,(£) which contains the factor 1/(A + m), namely 


gam" 


(n — 1)!(2m —n)l(A +n) ° 
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Then as AX > —n, the sum 


| £ [4+2m g-ntam 


Q+1)..A+2m *(—DiQm—mlarn 


approaches 


gm in | 
(n — 1)! (Qm — nj!’ 


and the elementary solution is given by 


U(X, .-2) Xp) (12) 
= (= 1yin—t J (4%, eee WX, )2—" In | (4X + wee Wy Xp | dw 
Opes ae eee 


Note that when the order of the equation is no less than the dimension 
of the space, the integral over the sphere converges and the Green’s 
function becomes an ordinary (not a generalized) function of the x,, 
continuous at x; = 0 (7 = I, 2,..., m). 

Let us now consider the case in which the order of the equation is 
less than the dimension of the space (that is, 2m < n). 

In this case we have 


eels (= DERE — Haan (6) 
TGA+ Blinn (4H — 2m — 1) 
for odd n, and 
abe ee 


rgA+a)h—. F(4—4n) 


for even n. 
Consequently for the elementary solution for odd m and 2m <n, 
we obtain 


= a 1)ee—d) (n—2m—1) dw 
U(X, ..., X,) = Inyo I. ) (eX, + 2. + wyX,) aay 
(13) 
and for even m and 2m < n, the expression 
U(X, ...5 X_) 
_ (—1)* (n— 2m — 1)! naam aw 
oe (2z)" I. | WX ae ess WyXy | L(w, na Wn) (14) 
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It can be shown that the elementary solution u(x, ..., x,) of Eqs. (11) 
to (14) is always an ordinary (not generalized) function with the following 
properties: at x ~ 0 it is analytic, and in the neighborhood of the origin 


- Piece O72"), if m odd or ifm evenand 2m <n, 
isis Aa) = LO(?"—"Inr), ifmevenand2m>n, 


where r = VD x3; further, if 2m > n, then u(x, ..., x,) has continuous 
derivatives of all orders up to 2m — n — | at the origin. 


Example. Let L(8/0x,, .... 0/@x,) = (07/Ox} + ... + 67/8x2)™ be the 
Laplacian operator raised to the mth power or iterated m times. Then 
on @ the polynomial L,(a, ....#,) = (2 w?)™ is equal to one. The 
integrals in (10) and (11) can now be calculated by using Eq. (3), and 
for both 2m < m and odd m with 2m > n we obtain, up to a propor- 
tionality factor, 


u(x) — Chg. 


If 2m > nand nis even, we transform to spherical coordinates in (12), 
obtaining 


= ’ y2m—n tt 2m—n 
u(x) = Cir Inr + Co mn, 


The second term may be dropped, as it is a solution of the homogeneous 
equation 4”u = 0. 


6.2. Elementary Solutions of Regular Homogeneous Equations 


Consider the equation 


a é é 
Lae Ox,’ ‘say ia) U(X ry. 00g. Xp) OCR yy sees, Hy) (1) 


in which L is a differential operator such that if each 0/0x, is replaced 
by w,;, we obtain a homogeneous polynomial of degree m.1 We shall 
assume that the cone L(w,, ....@,) = 0 contains no singular points 
(except the origin), i.e., that for L(w,, ....w,) = 0 and Lw} 4 0 the 
gradient of L(w, ..., #,) does not vanish. Then Eq. (1) and the operator 
L(@/éx) itself will be called regular. 

In Section 6.1 we treated the elliptic case, in which m is even and, 


2 Recall that in Section 6.1 we denoted the order of L by 2m. 
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most important, L(w, ...,w,) #0 for Xwi #40. Formally, we may 
use the same procedure as in that section to arrive at 


Toit (> xs) dw 


2 L(w,, eee Wn) 


U(X, .., %,) = , (2) 
where Q is the unit sphere (hypersphere) L;_, w? = 1, dw is the element 
of area on this sphere, and the f,,,, are given as follows: for m even and 
m > n, 
fal) = gS amen tn | 3) 
m (277) (m — n)! 


for m even and m <n, 
(— 1)it+™ (n — m — 1)! 


Sinn(*) = ae)! i (4) 
for n odd and m > n, 
(— ])t-D 
Smn{*) = any) (m — nyt x™—" son x; (5) 
for n odd and m <n, 
(=1 Lie» s(n m—1) 
foal) = Speer (x). (6) 


But now the integral of (2) will in general diverge, since in general 
on 2 there exists a manifold P on which L(a,, ..., w,) = 0. 

If L is a regular operator, however, so that P contains no singular 
points, the integral of (2) can be regularized in the following way: 


Sram (S004) 


U(X, ...5 Xp») = Si) cau) dw = lim UA 4; 4055 Hq) 
where 
ian (> x e04) deo 
UMM 5005 %,) = I, es ame (7) 


Here 92, denotes the set of points on the unit sphere such that 
| L(w,, ...,@_) | > €. 

We must first show that the generalized function u, converges, that 
is that for any in K the limit 


Lim (tes (Hts os Fn) ) = (es Pas «0s Hn) ) 


exists. 
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Note that each of the definitions (3)-(6) of the f,,,,( 2 x,;w,;) implies 
that the (f,,,, ~) are infinitely differentiable functions of the w,. This 
can be verified by a simple change of variables in the integral expression 
for the ( fin» ) which transfers the w,-dependence to the argument of 9. 

Let us denote ( finn( 2 x,w;), p) by 7(w, ..., w,); we wish to show that 
the limit 

lim 7(wy, 0+, Wy) dw 


«0 Qe L(a, aoe Wy) = (4, ?) 


exists. To do this we write 7 = 22, 7;, where each of the 7,(a,, ..., w,) 
is an infinitely differentiable function and vanishes outside a sufficiently 
small region S;. We need consider the integral only for those 7; such that 
the closure of S; has nonempty intersection with P. We may thus assume 
that each 7; for which we wish to establish the existence of 


rd Ww 


lim 

e~0 Qe 
will vanish outside a sufficiently small neighborhood of some point A 
belonging to P. Now on P, and therefore also at A, the gradient of L 
is nonzero. Consequently at least one of the derivatives @L/@w, fails to 
vanish at A. Further, since 2 w} = | at this point, at least one of the 
w, fails to vanish. To be specific let us write @L/@w, ~ 0 and w, ¥ 0. 
Then at we may introduce the coordinate system L, wy, ...,@,_,- In 
terms of these coordinates dw may be written 


dw = I(L, Wo, oe, Wn-3) dLdw, wee dwn_1; 
where I(L, wa, ..., ®,—1) is a smooth function. We may now write 


7 (wy, oeey Wn) des 
% L(w , «+5 @n) 


deny 


={..f PAL, Cogs ooo» Ona) I (Ly a» 0) On-a) a dy, 
vee L bid 
Q¢_ 


= S~ SU... Fay Shy ors ec) 1 Ey as on ae) Fe ae 


Since as «—> 0 the integral fi,,.,7,JdL/L approaches its Cauchy 
principal value, this expression has a limit. Then by taking the sum 
over z we finally prove the existence of 


ees d. 
linn r(wy, w,) w@ 


=li : 
«0 % L(o,, weeg Wy) rang (u,, ?) 
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This proves the existence of the Cauchy principal value regularization of 


a 7(w, ..., W,) dw (8) 


L(w,, eee w,) : 


But every regularization of (8) will in general define a different gener- 
alization of Eq. (2) by 
(fmans P) dew 


u, X15 2005 Xn = ’ 
( 7 1 )) . L(y, as Wn) 


where the integral is understood as the particular regularization 
being used. 

For our purposes, any regularization will do, so long as it has the 
property that if 7 and 7, are infinitely differentiable functions such that 


r(wy, eory W») — L(w,, Corry Wn) (4, 5035 w,), 
then 
Mery 01) Wy) deo __ 
I, L(, vee Wn) A I, (wy, oor Wy) dw. (9) 


Two regularizations which satisfy this condition will differ from each 
other by 


| ren, «++, ty) dy, (10) 
P 


where P is, as before, the set on the unit sphere 2 on which 
Law, ..-) ®,) = 0, and p is a measure on this set. 

Indeed, all regularizations of (8) that satisfy (9) will give the same 
result for any 7 which vanishes on P (since any such 7 can be written 
r= 7,L). The difference between two regularizations cannot depend 
on the values of r off P or on the derivatives of 7 on P, so that it must 
be of the form of (10). 

Further, two different regularizations of (2) which satisfy condition (9) 
can be shown to differ only by a solution of the homogeneous equation 


Indeed, the difference between two such generalized functions can be 
written, according to (10), in the form of the functional 


$(Xiscte ea) [fn (Sx) du. 
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Applying L to this expression, we have 


F F 7 
(— ee Da ss, seuy Xp) = | Len con) fim J) xe] du, 
and since the integral is taken over P (where L = 0) it vanishes. 

We have yet to show that the integral of (2) is indeed a solution of (1). 
We proceed by applying the differential operator L(0/@x,, ..., 8/0x,) to 
Eq. (2). This gives 


Le tr U(X, ..., %_) = [tee (Yx,) dw 


We now make use of Eqs. (3)-(6) for the f,,, and the plane-wave expan- 
sion formulas for the 6 function (Section 3). Then for m even we have 


Lge ne oo ) U(X4, ..., Xp) 
— Di? — — 
= Ga I, (Bae) “to = Ble a 
for n odd we have 
o 
se Gi ’ Ox, Fa) Mea os He) 
(= 18 1yey 


= “Boni fe s(@-)) (Dx) dw = 8(X,, ..., Xp). 


Thus if the cone L(a, ..., w,) = 0 has no singular points, Eqs. (2)-(6) 
will in fact give a solution of L(@/@x) u = (x). 


6.3. Elementary Solutions of Cauchy’s Problem 


Consider the differential equation 


e 7) é 
P( i (1) 
of order m in the variable t. 

Somewhat later we shall formulate the restrictions we wish to place 


upon this equation. Here we wish to find the elementary solution of 
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Cauchy’s problem for it (see Section 5.4). In other words, we wish to 
obtain a solution u(t, x) satisfying the initial conditions 


eu(O, x) a”—1u(0, x) 


u(0, x) = 0, at = 0, ovey —Bym-1 => 5(x). 


We shall solve Cauchy’s problem for Eq. (1) in an arbitrary number 
of independent variables by reducing it to Cauchy’s problem in two 
independent variables. We shall assume further that the differential 
operator 


P, (Z. se} = P(e, ¥ 7 on) (2) 


is such that Cauchy’s problem for the equation 


é 0 
Pale ag)te = 0 ®) 
is well posed. 
We now proceed to obtain the elementary solution to the problem 


stated. 


Recall (Section 3.9) that 
2r4 
Ne eects 
TG Ack Ba) iss 


and consider Eq. (1) with the initial conditions 


Ou 
— =0 k = 0, 1,..., m — 2), 
otk ag ( ) 
om—-ly 2r4 
a ee oe @ 
to 2,I(gA + $n) 


As before, we write 


A 
o_o = ee ae { | wyXy +... + WyXy [4 dw. 
QE + $n) Qk TBA + Bo 


We shall solve (1) with the initial conditions of (4), except that the last 
condition will be replaced by 


1 


ee ee , 
Q,nt™-D (2d a y| 4X%y + we + Wy Xp |* 


Let us write the solution to this problem in the form 


u(t, €, A) = u(t, wx, + ... + WX, A), 
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which leads us to the following two-dimensional problem: to obtain 
the solution w,(t, , A) of (3) with the initial conditions 


u(t, €,A)| _ 
ot* an ° one er 
on—lu(t, €, A) 1 A 
aie A A Fees ee : 5 
Obras t=0 Qh —D (ZA + 3) le (5) 


Then the elementary solution of our initial Cauchy problem for 
Eq. (1) will be written in the form 


u(t, x) = [. Ua(t, yo, + ue + Xptdmy — 1) dew. (6) 
We have set A = —2, since it is for this value of A that 
2r4 


Q,T(RA + 3m) 


becomes the delta function. 
Now u,(t, £, A) can in turn be expressed in terms of the elementary 
solution G,(t, €) of Cauchy’s problem for Eq. (3), namely 


1 


ulb &) = 5 orga 


J Gul, €— a) | aan. (7) 
A particularly simple formula is obtained when the dimension is 
odd. For this case we have 


walt — 2) = CT Gulf (8) 


In general the elementary solution u(t, x) of Cauchy’s problem for 
Eq. (1) is given in terms of G,(t, €) by 


1 


oy vi = a 
ut) = Sapa HD Joll . Gl E—Dinkanfdo| 0) 


For the case of odd dimension we obtain the simpler formula 


(— 1)#-0(hn — 
Se 


wh ®) =~ OOD (9 i 


— Git, €) dw. (10) 


The differentiation here is to be understood in the sense of generalized 
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functions, and the integration as the integral of a generalized function 
which depends continuously on a parameter. 

We emphasize that the above formulas will hold for all equations 
for which Cauchy’s problem is well posed, for instance, for any parabolic 
or hyperbolic equations. 

If one wishes to avoid the question of the existence of the convolution 
in Eq. (7) and to obtain u,(t, €, —m) in a form which makes explicit 
the possibility of integrating it over the unit sphere, one may proceed 
by considerations similar to those brought forth in Section 6.1. We shall, 
however, not go into this here. 


THE SOLUTION OF CAUCHY’S PROBLEM FOR HOMOGENEOUS HYPERBOLIC 
EQuaTIONS. THE HERGLOTZ-PETROVSKII FORMULAS 


Let us consider in more detail the hyperbolic case of an equation 
containing no derivatives of order less than m. 

A homogeneous operator P(0/dt, 8/8x) = P(d/at, a/ax,, .... @/Ox,) is 
called hyperbolic if for any values of w,,...,@, such that Lo} = 1, 
the mth degree equation in wv 


P(v, ey, ++.) Wn) = 0 (11) 


has m real and distinct roots. 
For such an operator we again consider the problem 


o ra) 
; 7 (ar a) #=9 (12) 
with the conditions 
ke. 
| = (k =0,1,..., m — 2), 
Ot” lao 3) 
1 
om-ly = 2r4 ( 
arm—1 |, QT (4A + 4n) 


As we have said before, this problem reduces to solving the one- 
dimensional Cauchy problem 


é r) e a a 
Polae > aE) te Pape en aes nae) He = 0 (14) 
with the conditions 
ar 
ae — 0 (k = 0, 1, coon M — 2), 
i” |t=0 
(15) 
amy, = [€|* 
a ro QD GA + 3) 
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It is easily shown that any function of the form f(X x,w, + v,t) will 
satisfy (12), where v, is any root of the algebraic equation (11). Since 
(12) is hyperbolic, all these roots are real and distinct. It is seen that 
this solution represents a plane wave propagating at velocity —v,. 

We shall attempt to find a solution of Eqs. (14) and (15) in the form 
of the sum of similar plane waves 


u(t, > wore) = L(Y, Xp + vt) (16) 


= 


propagating at different speeds v,;. The sum in (16) is taken over all the 
roots of (11). According to the initial conditions, the c, and f are given by 


c; = 0, cv; = 0,..., >, v7" 7 = 0, aia ee 6s 
2 » 2 2 


1 
(m—1) = a 
a Qyrt"—UTGA + $) = 


(17) 


This gives 
1 


(Uj; — Y%) .. (Wj; — Vj_-1) (Cy — yay) -- (V] — Um)” 


(18) 


Cj = 


To obtain f(€) we must integrate | € |* a total of m— 1 times. This 
gives 


1 (| € [Atm (sgn £m! 
~ Oat pra 4 2) (A+1).A+m—1 , (19 
” Qt" -YT(ZA + 4) | (A+1)..(A+ m—1) + Q,(€) (19) 
where 
[4(m—1)] gm—2k-1 
C1) = 2 Oe Tim Haw 20) 
(cf. Section 3.4). 
We thus obtain the explicit expression 
1 
k ee 
elt i w | = Qt TBA +4) 
atm—t m—1 
. > ; | > WXp_ + U;t [sen( >) Wp Xp + vt)| 
tf AF IAF2).. AF m1) 
(21) 


i 2,(>, WX, + vt) 
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for the solution of Cauchy’s problem stated in (14) and (15), where the 
c; are given by (18), and the Q,(€) are given by (20). 

The solution of the original Cauchy’s problem stated in (12) and (13) 
is obtained from (21) by integrating over the unit sphere LY w} = I: 


u(t, X4, .., %_j A) = i : u(t > cori) dev. (22) 


By setting A = —x in this equation we obtain, as before, the elementary 
solution of Cauchy’s problem. 

Now it is just by chance that the integral in (22) is over the sphere. 
Some other surface would do as well. For this reason we shall change 
this expression to a form which is more closely related to the essential 
aspects of our problem. 

Equation (21) shows that the wu, in (22) is the sum of m terms. 
Consider the jth of these, namely 


A+m-1 m—1 
| pS XpOp_ + Uyt [sen(> KpOe v;t)| 
| SEDATE way TPAD Aree + 00) 


In taking the integral over 2 of this term, let us make the change of 
variables w,/v; = £;. Our aim is to replace the integral over Q by an 
integral over the hypersurface P(1, &), ..-, €n) = A(&, > €n) = 0. Now 
for each fixed set of w,; the equation P(v, a, ...,#,) = 0 has m distinct 
roots v;. Since these roots depend continuously on the w,, we may 
follow the motion of one of the roots as we vary the w,. As these are 
varied, the point they describe runs over 2, and the point (1, &), ..., &,) 


Fic. 5. 
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runs over a component on the surface P(1, &,, ..., €&,) = 0. Every such 
component is of one of two kinds: when the w, are changed into their 
negatives, the corresponding root v, either (1) is transformed into 
another root v, or (2) returns to its initial value. We shall call components 
of the first kind ‘‘ovals,” and components of the second kind ‘unpaired 
pieces.”” It can be shown that if the equation is of even order 
P(1, &1, «+» €n) = 0 consists of m/2 ovals, while if m is odd it consists 
of (m — 1)/2 ovals and one unpaired piece. We shall restrict our con- 
siderations to the first case (Fig. 5); the second can be treated similarly. 

Thus we assume that when the w,; run over Q, the point (1, &,, ..., €,) 
runs over an oval belonging to two different roots v; and v,. Consequently 
when we add up the integrals over 2 corresponding to different terms 
in (21), we obtain twice the integral over H(&, ..., &,) = 0. Let the 
element of (hyper-) surface area on H = 0 subtended by the same 
angle as dw be denoted by do, and let » be the angle between the 
normals to do and dw. Then clearly 


__ | cose| do | fe, | do 


de = —_—__ = —______.. 
|e ir |€ |" | grad H | 
The c,; are given by 
j= : eed 
7 (Wj = Dy) we. (Vp — Vj1) (Vj — Vjq1) ++ (V} — Om) OP 
ov |,- 
V5 
Since P(v, @,, ..., w,) 18 a homogeneous polynomial, we may write 
P oP 
“5 ee + > rao, = mP(U;, wy, ..., W,) = 0 


[for v; is a root of Eq. (11)]. Thus 


Now replacing w, by v,;&, and P(1, &, ..., &,) by H(&, ..., &,), we have 
oy (sgn aye [™ 


G = — ——— 


>, fe Hey D & He, 
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Further, 


A+m-1 
| > X00, + yt | [sen (> Xpwpe vt) | 
> cee 41 ee [sen (> xe EY ‘I 


m—1 


= | v, |4+"—1 (sgn v,)™—1 


and for any j we have 


@2 x,0, + ty, 


aa \ 


a —2k-1 
= um 2 xf, +t 


£4Xp+ f\ m—2K~1 
= as (sgn v,;)™—1, 


Now inserting the expressions for c;, dw, and the functions of 
X x, + v,t into (22), we arrive at 


2 
© Dyk OOTEA + 2) 


fp fiecte Lint of an ae 9 
diol @FDAFD~ Atm) 


XpE,+t e 
LO; a ——_ (23) 


| grad H | sgn ( > éHe,) 


U(1) Rice Ay — 


By passing to the limit A = —n, we obtain the Herglotz-Petrovskii 
formula for the elementary solution of Cauchy’s problem. For odd n, 
the formula we obtain is 


7 (= 1)dm—» 
u(x, seey Xp) Te 2(27)"-1 (m — n — 1)! 


x | - (> ne eee i" [sen i> Nee + i)" w, (24) 


where w denotes 
do 


| grad H | sgn (> éHe,| | 


We shall analyze similar formulas in detail in Chapter ITI. 
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In the limit we may (and do) drop the polynomial Q,, since its integral 
vanishes. For even ” we obtain 
(oe 
u(x, seas Xn) = (27)"(m —n—1)! 
2 Xf + t 
w. (25) 


x tho (>) ee ne aie In Fan 


When the order m of the equation is less than m — 1, these formulas 
for the elementary solution of Cauchy’s problem simplify considerably: 
for odd n we have 


U(X, ...5%_,) = oe Dee §(n—m) (Sake She t) w (26) 


and for even n 


n+l 
He = Ses eerie un 
( 1) H=0 (> XE x + t}rm 

The affine invariant notation for the plane-wave expansion of the 
delta function [Section 3.11, Eqs. (4) and (5)] with the choice of the 
H = 0 surface as the region of integration could have been used to 
obtain Eqs. (24)-(27) more directly, without referring to the integration 
over the unit sphere. 


Appendix 1 


Local Properties of Generalized Functions 


We mentioned in Section 1.4 that generalized functions can be 
locally defined, that is, that they can be defined in terms of their operation 
on test functions with support in arbitrarily small given neighborhoods 
of every point. 

In this appendix we shall prove this as well as some other assertions 
concerning the local properties of generalized functions, results which 
are of great value for the theory. 

We shall first return to a study of the space K of test functions, and 
shall show that in K there exist functions which take on given constant 
values on given nonintersecting bounded closed sets.: These functions 
can then be used to study the local properties of generalized functions 
in the simplest way possible. 
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A1.1. Test Functions as Averages of Continuous Functions 


We shall show that given any continuous function f(x) (not necessarily 
with bounded support), there exists a sequence of infinitely differentiable 
functions f,(x) such that as 6 > 0, 


Fo(x) > f(x) 


uniformly in any bounded region. 
We shall choose the f,(x) to be the averages 


fa(s)=Cof fox — & dae (1) 
of f(x), where ¢(x, 5) is the function defined in Section 1.2, namely 


2 
en oe exp (-axA forj|x| <6, 1 


= | p(x, 5)dx. 
0 for |x| >; es 


6 


From. Eq. (1) we see that since (x, 5) is infinitely differentiable, so is 
fox). We have, further, 


F(*) — fol*) 


=Cs{ __ fixdo(x ~ £,8) dé — Cy [ fel — &, 8) dé 
|a—§| <6 <6 


le~€l 
=Cs{ __ [Ke) — fel — & dak. 
|w—él <6 
Now /(x) is a continuous function of x, so that for sufficiently small 6 


and for |x —£&| <6, the value of | f(x) — f(é)| is less than some 
given e. Thus by suitably choosing 5 we arrive at 


If) ~ fli <eCof oe —£ 8dé = 6 


as asserted. 

In particular, if f(x) has bounded support, then so does fs(x); in fact 
fx) = 0 outside a 6-neighborhood of the support of f(x). 

If f(x) is constant in a ball of radius 5 with center at x,, i.e., if 


S(*) =f) for |x —%| <8, 


fala) =H(%0) Ca] ole — & d)dé = flea). 


then 
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Consequently if f(x) is constant in a region G, then f(x) is constant 
[and equal to f(x)] in Gs, the region consisting of those points x € G 
such that a ball of radius 6 with center at x lies entirely in G. 

We remark also that if f(x) is bounded everywhere by one above 
and zero below, then so is f(x). 

We now show that if F is a bounded closed set and U is an open 
region containing it, there exists a y(x) in K equal to unity on F and zero 
outside of U, and bounded by one above and zero below at other 
points. 

Indeed, since F is bounded, it is contained in U together with its 
e-neighborhood for some « > 0. Let F, be the closure of the (e¢/3)- 
neighborhood of F, let U, be the (open) (2¢/3)-neighborhood of F, 
and let W be its (closed) complement in the whole of R,. The continuous 
function of x defined by 


p(x, W) = my p(x; ¥) 


[where p(x, y) is the Euclidean distance between x and y] is positive in 
U, and has a positive minimum p on F,. The new function 


fis) = min} p(x, W), | 


is also continuous, vanishes outside Uj, is equal to one on F,, and is 
bounded by one above and zero below at other points. Now the desired 
function g(x) may be chosen as fs(x) with 6 = ¢/3. 


A1.2. Partition of Unity 


Consider a given countable covering of R, by open bounded regions 
or neighborhoods Uj, U,, ..., Um, ..., and let this covering be locally 
finite in the sense that every point is covered by only a finite number 
of the U;. We wish to construct infinitely differentiable functions 
€,(x), €o(X), ++) Cn (x), ... such that 


(a) 0<e,(x)< 1; 
(b) e,(x) = 0 outside of U,, R152) 204 
(c) e(*) +e(x) +... +e,,(x) +... = 1. 
Because of (b), once x is chosen there is only a finite number of terms 


on the left-hand side of (c). The set {e,(x)} is called a partition of unity, 
or more accurately a partition of unity subordinated to the covering {U;}. 
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Such a partition can be constructed in the following way. First we 
note that there exist open neighborhoods Vj, V4, .... Vin, ... which form 
a covering of R, such that V, and its closure V, are contained in U, 
for each k. Indeed, assume that V,, ..., V,_, have been found such that 
V,;cU, 7 = 1,..,2 —1, and such that Vj,..., Vau, Up Uni 
is a locally finite covering of R,. Then the complement to 


VU. U Via U Una Us 


is a closed set F, which is entirely covered by U,. We may choose 
V, to be any open neighborhood containing F,, and contained in U, 
together with its closure; the rest follows by induction. 

Since P,, is bounded, it follows from Al.1 that there exists an infinitely 
differentiable function h,(x) whose values everywhere lie between ‘0 
and | and which is equal to | on V, and to 0 outside of U,. Let us write 


h(x) = > hy(2) , 


which is a function that exists for all x and whose values are obviously 
no less than I. 
We now need only write 


iS a (k = 1, 2, ...) 


to obtain functions e,(x) satisfying the requirements we have set up. 


Remark. Let {e,(x)} be a partition of unity subordinated to the 
(locally finite) covering {U;} of R,. Then for any g(x) in K we have 


ols) =D 9.2), (1) 
where 
pix) = 9(x)e(*) 


is in K and vanishes outside of U;. Moreover, the number of terms 
on the right-hand side of (1) will be finite if we assume in addition 
that each ball | x | < m intersects only a finite number of the U;. We 
note further that if a sequence of functions »,(x) converges to zero in 
K as v > ~, so does every sequence 9,,(x) = 9,(x) e,(x). 

This result has already been used and will find much application in 
the sequel. 
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A1.3. Local Properties of Generalized Functions 


In Section 1.4 we made the following definition: a generalized function 
f is equal to zero in the neighborhood of a given point if for every 
in K with support within this neighborhood, we have ( f, ») = 0. 

In addition we said that the generalized function f vanishes on some 
open region G if it vanishes in a neighborhood of every point in this 
region. This is a typically local definition. 

It is possible to give also another, nonlocal definition of the same 
property as follows. The generalized function f vanishes in a region G 
if (f, y) = 0 for any @ in K .with support in a set O which, together 
with its closure, is contained in G. 

We indicate the proof of the equivalence of these two definitions. 
It is sufficient to verify that the nonlocal definition follows from the 
local one (the converse is obvious). Let us therefore assume that f 
vanishes in G in the sense of the local definition, and let g(x) in K fail 
to vanish only on some set Q whose closure Q is contained in G. For 
every point x€Q there exists, by assumption, a neighborhood U in which 
f vanishes. We may assume without loss of generality that this neighbor- 
hood is bounded. The set of these neighborhoods forms a covering of Q, 
and then according to the Heine-Borel theorem there exists a countable 
covering U,, U,, ..., Um, .... such that every closed ball | x | < m inter- 
sects only a finite number of the neighborhoods U;. According to the 
remark at the end of Al.2, we may write (x) as a (finite) sum of the form 


P(X) = 9y(*) + «+ Pm(X) + 


where each ,(x) is in K and vanishes outside of U,. Then by assumption 
(f, ex) = 0, so that (f,~) = X(f, o,) = 0. This proves the equiva- 
lence. 

An obvious but very important consequence of this proposition is that 
a generalized function f vanishing in the neighborhood of every point 
is the null generalized function, which means that for any » in K we have 


f, v) = 0. 


The following consequence may also be noted. If g(x) in K 
vanishes in a neighborhood U of the support F of the generalized 
function f, then ( f, y) = 0. Indeed, according to the local definition 
f = 0 outside of F, and the rest follows from the equivalent nonlocal 
definition. 

We have said that two generalized functions f and g coincide in a 
neighborhood of x, if their difference f — g vanishes in such a neighbor- 
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hood. The proposition we have proven above shows that generalized 
functions which coincide in a neighborhood of every point are equal to 
each other. Thus every generalized function is uniquely determined 
by its local properties. 

This fact can be used to construct a generalized function in its entirety 
when it is defined everywhere only locally. In fact let us assume that for 
every point x, there exists a neighborhood U(x) such that for every (x) 
in K with support in U(x,) the numbers (f, ») exist and are known, and 
that these numbers depend linearly and continuously on ». Let us assume 
further that ( f, ») depends only on itself, but not on the particular 
choice of the point x, outside of whose neighborhood U(x,) the function 
g(x) vanishes. Then we may assert that there exists a unique functional 
on K which coincides with f for those g(x) on which the latter is defined. 

We proceed to the proof in the following way. 

Neighborhoods U(x,) of the type described exist, by assumption, at 
every point, and therefore form a covering of R,. Without loss of 
generality we may consider these neighborhoods bounded. As above, 
we make use of the Heine-Borel theorem to choose from this covering 
a countable one Uj, ..., U,, .-. which has the property that every closed 
ball | x | < m intersects only a finite number of the U,. According to 
the remark at the end of Al.2, every p(x) in K can be written in the form 


ols) = Yrs), (1) 


where each ¢,(x) is in K and vanishes outside of U,, such that there 
actually appear only a finite number of terms in the sum. The functional 
f is defined for each term of the sum. We now define in general 


(Le) =D fe) (2) 


We have clearly obtained a linear functional defined on all of K. 
It is moreover a continuous functional. Indeed, if a sequence of functions 
gp, converges to zero in K, so does each ,,,(x) for each fixed m (as was 
remarked in Al.2). The sum on the right-hand side of (1) contains 
a fixed number of terms, since the supports of the , are contained in a 
fixed ball. Therefore it follows that ( f, p,) > 0. 

Obviously, when acting on some g in K which vanishes outside of 
U,,, the functional we have constructed coincides with the one defined 
originally, for in this case all the »,; on the right-hand side of (1) vanish 
outside of U,,. 
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This implies that the definition of f does not depend on the choice 
of covering {U,} with the required properties. In fact let {V,} be some 
other covering with these properties, and let g be the functional obtained 
from this new covering; then f = g locally, and therefore also nonlocally. 


A1.4. Differentiation as a Local Operation 


We have said that the generalized function f vanishes in a neighbor- 
hood of x, if it vanishes when applied to any function in K whose 
support is in this neighborhood. We shall now show that all the deriva- 
tives of f also vanish in this neighborhood. Indeed, if » in K fails to 
vanish only within the neighborhood U(x,), all its derivatives also fail 
to vanish only in this neighborhood. Thus for any such function we have 


(Ge, +9) = (6 — 3) =o 
as asserted. 


This implies that two functionals which coincide in a region G have 
derivatives of all orders which also coincide in this region. 

For instance let f coincide in a region G with a regular functional 
corresponding to a differentiable function f(x). Then of/éx; coincides 
in G with the regular functional corresponding to Of(x)/@x,;. It thus 
follows even for singular generalized functions that when it is possible 
to take the derivative in the ordinary way, the ordinary derivative is 
what we obtain. 

Another consequence is that any functional f concentrated on a set 
F has derivatives Of/@x,;, 0°f/0x;0x,, etc., also concentrated on F. 

For instance, the derivatives of 5(x — x,) are concentrated on Xp (as 
is quite obvious anyway). Given a continuous function which vanishes 
outside a closed set F, its derivatives of any order are concentrated on F. 


It is remarkable that the above propositions can be inverted: 


1. Every generalized function concentrated at a single point x, can 
be represented as a (finite) linear combination of &({x — x) and its 
derivatives. 

2. Every generalized function concentrated on a bounded closed set 
F can be represented for any « > 0 as a (finite) linear combination of 
derivatives of continuous functions which vanish outside the e-neighbor- 
hood of F. 


These theorems will be proven in Volume II (Chapter IT, Section 4). 
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Appendix 2 
Generalized Functions Depending on a Parameter 


In this appendix we shall study the properties of generalized functions 
depending on a parameter, particularly when this dependence is analytic. 
These properties are in many ways analogous to those of ordinary 
functions, and many of the proofs are obtained essentially by reducing 
the statements to statements about ordinary functions. Of special impor- 
tance is the theorem on the completeness of the space of generalized 
functions: given a sequence fj, fo, ..., f,, ... of generalized functions such 
that every number sequence (f,,q) converges, then the equation 
lim, ,.. (f. ¢) = (f, e) defines a generalized function. This theorem 
is proven in the Appendix at the end of the present volume. 


A2.1. Continuous Functions 


Let A be a real or complex parameter taking on values in a certain 
region A of the complex plane, and assume that for each A there exists 
a generalized function f,. In accordance with the definition of Section 1.8, 
we shall call f the limit of f; as X — A, if the ordinary function (fi, ¢) 
approaches ( f, ») for every » in K. Then f, is called continuous in a 
throughout A if for every A, € A we have fy = lim,.,, fi 

Let us now turn to the very important question of using continuity 
in to extend the definition of a generalized function f,. Consider such 
a generalized function f, continuous on a set A and let A, be a limit 
point of A at which f, is not initially defined. We wish to establish the 
possibility of extending f; to A, so as to obtain a generalized function 
continuous on A + Aj. 

An obvious necessary condition is that it must be possible to extend 
the definition of each of the numerical functions ( f,, p) by continuity 
to A,. This is also a sufficient condition. Indeed, if for any » in K and 
for any sequence A, — Ag, A, € A, the sequence ( fi,, p) converges, then 
the completeness of K’ implies that there exists a generalized function 
f = fa, which is the limit of the sequence fj,. It can be proven in the 
usual way that this newly defined generalized function is independent 
of the choice of the sequence A, — Ag. 

Note further that if f, is a generalized function that depends con- 
tinuously on A, then its derivatives (with respect to x) are also continuous 
in A. Indeed, as we have seen in Section 2.4, fj, > fi, implies that 


o o 
Bx, > Ox, fe 
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If a generalized function is continuous in a parameter, then it can be 
integrated with respect to this parameter (cf. Section 3.10). For instance, 
let f, be continuous in A on the rectifiable curve I’. We construct the sum 


n 
sn = Dy fvAr, 


j=1 


where we have cut I’ into m parts at the points Ag, Aj, .... A, and have 
chosen arbitrary points A, in the intervals [Aj_a> Ay]. Now let g be any 
function in K and let max | 4A, | — 0; since ( fi, p) is continuous, the 
expression 


(Sn ?) = > (fas p) 4a, 
j=1 


converges to the integral of ( f:, ») independent of the choice of the 
A; or the A; This limit defines a continuous linear functional on K, 
and this functional is called the integral of f, along I. 

It is clearly possible to integrate not only along a curve but also 
over a region of any dimension. 


A2.2. Differentiable Functions 
In Section 3.1 we make the following definition: the generalized 


function g is called the derivative of the generalized function f, with 
respect to X at A = Az, if 


For the existence of of;/0A at A = A, it is necessary and sufficient 
that all the ordinary functions ( f,, p) be differentiable in A at A = Aj. 
The necessity is obvious. The proof of the sufficiency follows. By 
assumption, for every » in K and for any sequences A, — A, the limit of 


(fa P) — (Say, hai 
Wath Gn fe 9 


exists. But then, as was pointed out above, the generalized function 
(fa — fa,)(A — Ag), defined for A # Ag, can be defined by continuity 
also at A = A. In other words, there exists a generalized function which 
is the limit af (fa — fa,)(A — Ag) as A—> Ag, as asserted. 
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If the derivative of f, with respect to A exists for all Ae A, we say 
that f, is differentiable with respect to A in A. 

The higher derivatives and higher order differentiability are defined 
similarly. 

It is easily seen that if f, is differentiable with respect to A throughout 
A, so are all the derivatives of f, with respect to x, and further that 


an Ba, sei aot (1) 


Indeed, for any » in K the ordinary function 


(sq fn 9) sue ( Ay a) 


is differentiable with respect to A, and its derivative is 


= (e his 9). 


or) a (ay Ox; 


a ( _ op ofa ee) 
Or? ax; 

This means that the functional 0f,/0x, is differentiable with respect to A 
and that Eq. (1) is satisfied, as asserted. 


A2.3. Analytic Functions 


If A is a complex parameter taking on values in the open region A, 
a generalized function f, differentiable in A is called an analytic function 
of ». Then all the (fi, ») are ordinary analytic functions of A 
throughout A. Conversely, if for a generalized function f, all the 
ordinary functions (fj, p) are analytic functions of A in some region 
A, then f, is also an analytic function of A (cf. Section 3.1). Then 
all the derivatives of/@A, 0?f/0A?, ... exist at every point A of A, and in 
the neighborhood of A, € A we have the Taylor’s series expansion 


o o 
eo ee cee nee Wee 9 ee rr @) 


Indeed, af, /@A exists, since by assumption all the derivatives of the 
ordinary functions ( f,, y) exist at A = Ay. Similar reasoning demon- 
strates the existence of the higher derivatives 0°f, /0A°, .... Further, 
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for every g(x) in K we may form the Taylor’s series of the ordinary 
analytic function ( fi, ¢): 


Fu 9) =r) +A-WE Uwe) | +EA—AP EU e) | + - 


= (fas P) + (A— rp) Eas +4(A\—A)? 2» 9) cane 


=(4,+a—r) 243 p—ap Se + 9), 


and this implies the validity of (2). 

Consider two analytic functions f, and g, defined on a region A and 
assume that they coincide on some set in A that has a limit point also 
in A. Then they will coincide for all A¢ A. This is because for any 
g(x) in K the functions ( fi, p) and (ga, p) coincide in A by the uniqueness 
of analytic continuation. 

This property is the one on which we base the important method 
of analytic continuation in X of a functional f,. Assume that f, is analytic 
in some region A and further that all the ordinary functions (fi, ¢) 
can be analytically continued to a larger region A,. Then for any A, C A, 
the function ( f;,, y) also defines a continuous linear functional on K. 
For the proof, recall that the analytic continuation to any point of A, 
can always be obtained by a finite number of Taylor’s series expansions. 
But every Taylor’s series 


(fn ®) = Via ®) +A — A) (OE, 9) + 4 — ryt Ho) +... 


converges for every g in K with a radius of convergence which depends 
only on the configuration of A and A,, but not on m. This means that 
for each A within the radius of convergence this series represents a 
continuous linear functional, which is what we wish to prove. 

Obviously the derivatives with respect to x of an analytic generalized 
function f, are also generalized functions analytic in A. We may note 
also that analytic continuation preserves many properties of fj. For 
instance, if f; is invariant in A under some operation u, so that 
fi(ux) = f(x), so is its analytic continuation into A,. In fact, if the 
equation 


(faux), p(x)) = Fl), (%)) = Ca), pum") 


holds in A, the uniqueness of the analytic continuation implies that it 
holds also in Aj. 
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Thus, for instance, spherically symmetric analytic functionals have 
spherically symmetric analytic continuations. 

In conclusion, we remark that analytic continuation of a generalized 
function depending on a parameter may lead, as is the case for analytic 
continuation of ordinary functions, to a functions with isolated singulari- 
ties (poles or essential singularities) or to multiple-valued functions. 

In the neighborhood of an isolated singularity A, an analytic generalized 
function f can be expanded in a Laurent series in the classical form 


fh —e > Cp(A Xo)”, 


where the c,, (n = 0, +1, +2, ...) are fixed functionals independent of A. 
This is because the Laurent expansion can be formed for every » in K 
according to 


(fas 9) = D, cul) (A — Ao)", 
where the c,() are given by the Cauchy integral formulas 


a) = 55 [ VEE @=4L42- ©) 


where I‘ is a contour lying entirely within the region of analyticity of 
fa with the singularity A, lying in its interior. The mth integral in (3) 
can be written in the form 


xa. (q= 4A .9) a= = [ (en) ad, & = gis 


which is seen from earlier considerations to be a continuous linear 
functional of 4. We can thus write c,(p~) = (c,, ~), where c, is a con- 


tinuous linear functional. Then f, = D_. c,(A — Ap)”, a8 asserted. 


CHAPTER II 


FOURIER TRANSFORMS 
OF GENERALIZED FUNCTIONS 


1. Fourier Transforms of Test Functions 


1.1. Fourier Transforms of Functions in K 


Henceforth we shall deal with the space K of complex test functions 
(Chapter I, Section 1.9) and the corresponding complex generalized- 
function space K’. 

Let us first consider the case of a single variable. 

Let g(x) be in K. We construct its Fourier transform according to 


Wo) = [ ox) eto de. (1) 
On occasion we shall denote (c) by of) or by F[o(x)]. 
Since g(x) has bounded support, the integral in (1) is in actual fact 
taken only over a finite region, say —a < x <a. Therefore %(c) can 
be defined also for complex values of its argument s = o + i7 by 


Uo +i) =| p(x) et dx = | 7 g(x) €% 6" de, (2) 


Now the integral in (2) can be differentiated with respect to the com- 
plex parameter s, so that Y(o + 77) is an entire analytic function. If we 
take the derivative of g(x), we multiply %(s) by — zs: 


| : gp (x) e'** dx = ¢(x) ef*8 — | tsp(x) ef? dx = —15(s). 


Continuing to differentiate, we find that for any g = 0, |, 2, ..., 


Flp'?(x)] = (—1s)"F[9(*)] (3) 
153 
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and more generally 
A] d y 
FIP (3) o@)] = P(—#)Flp@)], (4) 


where P(t) is any polynomia] with constant coefficients. Moreover, we 
obtain the inequality 


si} Ws)1 =| fox) et dx] <Cyett 


Thus the Fourter transform (s) of any (x) in K which vanishes for 
| «| > a isan entire analytic function of its argument s = o + 17, and 
for every g = 0, I, 2, ... it satisfies the inequality 


| sp(s)| < Cy ea! (5) 


We maintain that the converse also is true: every entire function 
%(s) that satisfies (5) for every g is the Fourier transform of some 
infinitely differentiable function g(x) which vanishes for | x| > a. 


Proof. We start the proof with the usual expression for g(x), namely 
A a ; 
o%) = 5 | __ Me) ei" do. 


The Cauchy integral theorem can be used to replace this integral 
along the real axis by an integral along a line parallel to it, so that 


p(x) = = iL: Yo + tr) e~Hotit® do 


a ot [We + in) e-** do, 


and since (5) is assumed fulfilled this integral converges absolutely. In 
fact it remains absolutely convergent even after formal differentiation of 
the integrand with respect to x. Thus (x) is infinitely differentiable, and 


P(x) =f (gy ys) e-* do. 
Let |x | > a; given some t > O we choose 7 such that xr = — t| x |. 


We now make use of (5) with g = 0 and q = 2, obtaining 


e@ |r] e@lt| 


\Itl my Ra Ee Seer tk tees 
| p(s) | < e4 min 1+ )s|j? ~ 1+ |o|?’ 


C. 
Co TRIS 
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so that 


aes ‘entleitat — ( ptla—le 
lo) |< ee Rees do = C'e-tleitat — C’eta-le) 
Now C’ is independent of t, so that by letting ¢ approach infinity we 
find that g(x) = 0. Thus (x) vanishes for | x| > a. Hence g(x) has 
all the asserted properties. The well-known theorem on the Fourier 
integral’ then implies that its Fourier transform coincides with y(c), 
which completes the proof. 

Before proceeding we make note of one more useful formula: for 
any g(x) in K we have 


FF[p(x)] = 279(— +). (6) 
Indeed, if F[g(x)] = (oc), then 


FA [40] = £ [ (0) edo = 92), 
which implies 
| ¥(c) ei do = Fly(o)] = 2mp(—2), 


as asserted. 


1.2. The Space Z 


The study of the Fourier transforms of functions in K, on which we 
have entered above, leads us naturally to define of the new space Z of 
slowly increasing functions, namely, of all entire functions (s) satisfying 
the inequalities 


Is|*| 49) |< Cer"! (gq = 0,1, 2, ...) (1) 


(where the constants a and C, may depend on 4), with the obvious 
definition of the fundamental linear operations of addition and multi- 
plication by a number. 

As has been shown in Section 1.1, the Fourier transform establishes a 
one-to-one mapping between K and Z. This mapping obviously preserves 
these linear operations. 


1S$mirnov, ‘Higher Math,” Vol. 2, p. 424. See also E. C. Titchmarsh, “Introduction 
to the Theory of Fourier Integrals,” p. 48. Oxford Univ. Press (Clarendon), London 
and New York, 1948. 
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This implies that the every linear operator defined on K there corre- 
sponds a dual operator defined on Z. For example, it is seen from Eq. (3) 
of Section 1.1 that to differentiation on K corresponds multiplication 
by —is on Z. Similarly, the formula 


shows that to multiplication by 7x on K corresponds differentiation on Z. 
Repeating this operation, we find that for any g = 0, I, 2, ..., 


& Fig] = Fil) 9) Q) 


The existence of the right-hand side implies the existence of the left, 
so that a function 4(s) in Z can be differentiated an arbitrary number 
of times to yield a function in Z. We may, in fact, write the more general 
formula 


P(-£_) Fig] = FLPG:) o(@)], 3) 


where P(t) is any polynomial with constant coefficients. 
The translation operation o({x)—> (x — h) in K corresponds to 
multiplication by e” in Z. This can be seen immediately by writing 


Flex — h)] = | - ett ox — h) dx 


= Ie eV") oy) dy = ef Flo (x)]. 


Conversely, multiplication by e#” in K (for arbitrary, even complex, /) 
corresponds to translation in Z: 


Flet#* o(x)] = | > cithoisx g(x) dx 


=| "tie a(x) dx = Ys + A). 


We see consequently that all possible translations are allowed on the 
functions in Z. 

The definition of convergence in Z can also be carried over from K. 
That is, the sequence of functions %,(s) converges to zero in Z if the 
sequence of their inverse images (inverse Fourier transforms) 9,(x) 


1.3 Fourier Transforms of Test Functions 157 


converges to zero in K. Convergence in Z can also be defined entirely 
intrinsically. We shall say that a sequence ¢,(s) converges to zero in Z 
if for each function in this sequence we have 


| s%p,(5) | < C,e* | 


with C, and a independent of v, and if the functions converge to zero 
uniformly on every interval of the (real) o axis. 
Note that the Taylor’s series expansion 


Dv = Ve +0 
@=0 : 


for any fixed (complex) h is valid in the sense of convergence in Z. 
This follows from the dual formula 


> (sy “ (x) = e* o(x) 


in the sense of convergence in K. 


1.3. The Case of Several Variables 


The above considerations can be carried over almost without change 
to the case of m independent variables. The Fourier transform of a 
function o(x) = ¢(%, ..., x,) in K is defined by 


¥(c) = $(01, «+» On) 


= f ae i (1, ---, Xn) EXp [2(Xyo, + ... + X,0,)] dx, ... dx, 


or, more briefly, by 


Uo) = J ofa) ete dx, (1) 


where (x, a) denotes x,0, + ... + Xye,. 
The bounded support of p(x) makes it possible for % to be continued to 
complex values of its argument s = (5, ..., $,) = (a, + 17, ---) On + #7,): 


He) = foe) ett” de. 2) 
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Our new function ¢(s), defined in C,,, the space of m complex dimen- 
sions, is continuous and analytic in each of its variables s,. If (x) 
vanishes for | x, | > a,, k = 1, 2, ..., m, then i(s) satisfies the inequality 


| he re san (a, + 17, ...5 On + 17) |< C, exp (a, | ry | + ... + @, | Ty |). (3) 


Conversely, every entire function (s,, ..., s,) satisfying (3) is the Fou- 
rier transform of some 9(%,, ..., x,) in K which vanishes for | x, | > @,, 
k = 1,2, ..., m. (The proof is the same as for a single variable.) Further, 
we may obtain equations similar to Eq. (4) of Section 1.1 and Eq. (3) 
of Section 1.2: 


P| 5 oe =) Fle] = F[P(ix,, «s #%,) 9)], (4) 


FPG at =) p()| = P(—is, «... is) Fle, (5) 


where P is any polynomial with constant coefficients. 

The space of all slowly increasing entire functions ¢(s) satisfying 
inequalities such as (3) with the natural definitions of the linear opera- 
tions (addition and multiplication by a number) will be called Z as 
before. The Fourier transform establishes a one-to-one mapping 
between K and Z which conserves the linear operations. We define 
convergence in Z in the following way: a sequence ¥,(s), v = 1, 2, ..., 1s 
said to converge to zero in Z if the sequence of inverse Fourier trans- 
forms converges to zero in K. This convergence can also be defined 
intrinsically: we require that the inequalities 


| s%h,(s) | < Cy exp (a, | 71 | +... + an | tm |) 


be fulfilled with C, and a independent of v, and that the %,(c) converge 
uniformly to zero on every bounded set in the real space R,,. 


1.4. Functionals on Z 


We may construct generalized functions, i.e., continuous linear function- 
als, on Z as well as on K. Consider again the case of a single independent 
variable. We shall call a regular functional any functional which is given 
by an expression of the form 


(.¥) =| He) He) de. (1) 
We shall call functionals of the form 


(8,4) = J a(s) Hs) ds, 2) 
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where J" is some contour, analytic functionals. Thus, the delta function 
given by (d(s — so), &) = (59) (where sy is any complex number) is 
not a regular, but an analytic functional, since according to the 
Cauchy integral formula we have 
1 (s) ds 
£(59) = Tae 8 = Ga, , 

where J"is any contour enclosing s,. Thus 8(s — sg) is an analytic function- 
al corresponding to the function (272)-1 (s — s,)7. 

We shall denote by 2’ the set of all generahzed functions on Z. In Z’ 
we may introduce operations similar to those in K’. The linear opera- 
tions are defined in the obvious way, for neither addition, multiplication 
by a number, nor convergence present anything new. Multiplication 
by a function (s), formally defined by 


(A(s) &) ) = (g, hyp), (3) 


is, however, now possible only for a much smaller class of functions A(s). 
In fact the consistency of this definition requires that the product of 
h(s) with some (s) in Z should again give a function in Z. Those func- 
tions A(s) which have this property will be called multipliers in Z. A 
function A(s) is a multiplier in Z if it is an entire analytic function and 
satisfies an inequality of the form | h(s) | < Ce(1 + |s |)* for some 
b, g, and C. 
The derivative of a functional g € Z’ will be defined by 


(G08) = —(-F): 


it could also have been defined as the limit of (1/h) [g(s + A) — a(s)]. 

As is true for K’, the generalized functions in Z’ have derivatives of 
all orders. There is a difference, however, in that the generalized func- 
tions of Z’ are not only infinitely differentiable, but also expandable or 
analyzable in the sense that for every g€ Z’ 


Or — = g(s +h), (4) 


where the series on the left converges in Z’, and g(s + h) is the general- 
ized function obtained from g(s) by translation through h. Indeed, for 
any %(s)e Z we have 


(296) =H) = (e(0, 2 yo) 
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and, as we have already noted, & [(— 1)*% h2/q!]%'® (s) converges in Z 
to x(s — h). Thus 


(Ls) F HO) = GOW —) = Ce + 4.40), 


as asserted. 
We note in particular that the series expansion 


8(s +h) = > §(9(s) = (5) 


qa 

a |= «of 

will hold for every (complex) 4, where the translated delta function 
5(s + h) is defined by 


(5(s + A), H(5)) = (85), Hs — A) = (A). (6) 


When we are dealing with several independent variables, Z’ is con- 
structed similarly. Addition, multiplication by a number, convergence, 
and multiplication by a function h(s) = A(s,, ..., s,) are defined in 
complete analogy with the above. A function A(s) will be a multiplier in 
Z if it is continuous, analytic (that is, analytic in each s, for fixed s,, 
1 # k) and if 


| A(s) | < Cexp (by [74 | +. + bn | an |) (L + | 51 I) (1 + | Sn 1). 


The partial derivatives of the functionals g € Z’ are also defined in 
analogy with the above. Every functional in Z’ is then not only infinitely 
differentiable, but also analyzable, which means that it can be expanded 
in a Taylor’s series which converges in Z’. 


1.5. Analytic Functionals? 


We have called a functional g on Z analytic if it can be represented 
in the form 


(2,4) =f 29) 4) 4s, 


where g(s) is a function and I is some contour in the complex plane 
(we shall start by considering the case of a single independent variable). 


2 These analytic functionals associated with integration along a contour should not 
be confused with analytic generalized functions of a complex variable, which are discussed 
in Appendix B at the end of this volume. The latter are associated with integration over 
the entire complex space. 
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From the theory of analytic functions we know that if g(s) is an analytic 
function, I’ can be deformed continuously without changing (g, %) so 
long as in this deformation the end points of I” remain fixed and 
the contour does not pass through any singular points of g(s). For in- 
stance, the unit functional 


(no) =f 1-wnas 


can be defined not only by integration along the real axis, but equi- 
valently by integration on any line going from — © to + © and lying 
within some strip |Ims|<C. An allowable contour is, for example, 
any straight line parallel to the real axis. We shall call two lines equivalent 
if for any % in Z the integrals along these lines are equal. The integral 
of 1 along some other, nonequivalent contour I' will give a different 
result. For instance, if I is a closed contour lying within the strip 
|Ims | <C and starting and ending at — ~ (or at + ©), the functional 
we obtain is clearly zero. Such contours, i.e., contours such that the 
integral of any 4 in Z along them vanishes, will be called null or general- 
ized closed contours. 

Consider the function g(s) = 1/s. We may use it to construct two 
different analytic functionals, namely, 


oH) 


—O+a7 


a>0), 


(245 ¢) = | 


¢.wy=[ Ma (@>o 


—2—ai 


In both cases we take the integral along a straight line parallel to the real 
axis and lying either above it (in the first case) or below it (in the second). 
These functionals both satisfy the equation 
§g = 1. 
The difference between them can be reduced to the form 


HO) 9. 


5 


(84 — 8) = | 


|s|=1 


in which the integral is taken, for instance, clockwise along the boundary 
of the unit circle. Cauchy’s residue theorem gives 


(2, — go) = — 27up(0), 
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so that 
8, —g- = —27mi8(5). 
The new functional g, = g, — g_ obviously satisfies the equation 
529 = 0. 
Consider a general rational fractional function 


0-H 


Let the distinct roots of O(s) be denoted by s,, ...,s,. Integrating along 
any contour I’ equivalent to the real axis, we obtain the functional 


(2.4) = J e(s) Hs) 4s, 


which depends in general on I’. Every such functional satisfies the 
equation 


Og = P. 


Integrating along any null contour I, we obtain the functional 
(Bo ¥) = | als) Hs) ds, 
To 


which also depends on I. All of these new functionals satisfy the 
equation 


Og, = 0. 


For instance, if I, is a contour which encircles the simple root s, in the 
positive direction, we have 


(Bor) =f £(s) Ws) ds = Qn res [e(9) W()] = CHO), 
so that g, = Cd(s — s,). If I, encircles a k-fold root s,, we have 
(Go $) = 2m res [e(s) ¥(9)] 


= ger Wb — OVO... 


1.5 Fourier Transforms of Test Functions 163 


Consider the analytic functionals associated with 


e(s) = exp s”. 
The fact that 


| exp s” | = exp (Re s") = exp (| s |" cos 78), where 6 = args, 


implies that the s plane can be divided into 2” equal sectors subtending 
an angle of 7/n each such that | exps” | alternately increases or decreases 
exponentially in each of these sectors. We shall call the sectors in which 
it increases “ridges” and those in which it decreases ‘‘valleys.’’ Consider 
an arbitrary path I, starting at © in the first valley and ending at © in 
the Ath (with k = 2, ..., m). We form the obviously convergent integral 


Fir¥) = J expo") wo) as 


along this path. [That this integral converges follows from the exponen- 
tial decrease of | exps” | in both valleys and from the slowly increasing 
nature of y¥(s).] 

In this way we obtain m — 1 different functionals which we shall 
denote by exp,(s”), ..., exp,_,(s”). They all satisfy a certain first-order 
differential equation. This equation is easily obtained by differentiating 
exp,(s”), obtaining 


(je xP» (0) #) = (expo), —SE) = ~f_ exp ") SE a 


Integrating by parts (the resulting integrated term vanishes due to the 
exponential damping of exp s” in the valleys), we obtain 


d foes 
(J exPe (4) =f msn-t exp (6%) WO) ds = (x51 exp 5"), ¥). 
Thus the exp,(s”) satisfy the equation 


Ws oxPE s® = ns"—! exp, 5”. 
We see thus that a first-order homogeneous differential equation for 
a functional on Z may have any number of linearly independent solutions. 
Of great interest also are analytic functionals defined on functions of 
several complex variables s,, ..., s,. For this case they are defined by 


(2,4) = J #09) Ho) as 
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where I" is some (2m — 1)-dimensional hypersurface in the 2m-dimen- 
sional real space of the m complex s;. 

Poincaré’s generalization? of Cauchy’s integral theorem to analytic 
functions of several variables implies that J" can also be deformed 
arbitrarily (without changing the result) so long as its boundary is fixed 
and so long as it is not allowed to pass through any singularities of g(s). 

We shall call a hypersurface I" equivalent to the real hyperplane if for 
any % in Z we have 


[ Hoa =f 40) do 


(where the integral on the right-hand side is over all the real variables). 
An example of such a surface is what we shall call ‘“H6érmander’s 
staircase,” the locus of all the s; such that s,, ..., s, are real, and for each 
choice of the s;, 1 4 1, the remaining variable s, traces out a contour 
equivalent (in the s, plane) to the real axis. A functional g defined by 


OW =| py Hora 


where J" is a Hérmander’s staircase on, which the polynomial (or entire 
function) P(s) fails to vanish, satisfies the equation 


Pg =1. (1) 


In Volume II (Chapter II, Section 3.3) we shall show that such a stair- 
case can be constructed for every polynomial P(s) and therefore that 
Eq. (1) always has a solution in Z’. We shall call I’ a null surface or 
generalized closed if for every (s) in Z we have 


[ vas =0. 


An example of such a null surface is the product of a null contour 
in the s, plane by any surface in the space of the remaining variables. 

Let P(s) be any polynomial whose inverse 1/P(s) is bounded on the 
null surface I’. Then the functional 


OW =| awa 


*B. A. Fuks, “Theory of Analytic Functions of Several Complex Variables’? (in 
Russian), p. 299. Moscow-Leningrad, 1948. See also H. Behnke and P. Thullen, “Theorie 
der Funktionen mehrerer komplexer Veranderlichen.”’ Springer, Berlin, 1934. In this 
connection see also M. E. Martinelli, “Colloque sur les Fonctions de Plusieurs Variables,”’ 
p. 109. George Thone, Liége, 1953. 
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is a Solution of 
Pg =0. (2) 


Remark. By taking the Fourier transforms of Eqs. (1) and (2) (see 
Section 2) we obtain solutions of the equations 


P(i 2) f = &(x) (3) 
and 
P (i x) f=0, (4) 


where i 0/@x denotes (i 0/8x,, ..., i 0/@x,). In this way we shall be able to 
prove in Volume II that every partial differential equation with constant 
coefficients possesses an elementary solution. 

Later we shall use these simple considerations to obtain explicit 
solutions for such equations. 


1.6. Fourier Transforms of Functions in S$ 


Toward the end of Chapter I, Section 1, we defined the space S of 
infinitely differentiable functions g(x) satisfying inequalities of the form 


| *D%(x) | < Cr (1) 


Let us obtain the class of functions which are the Fourier transforms 
of these.* Every o(x) € S has, of course, a classical Fourier transform 
given by 


¥(o) = [ o*) eo) dy, 
where (c) is infinitely differentiable, for the integral 
Dey(a) = { (x)® g(x) ef) dx 
is absolutely convergent. Now (ix)%p(x), as well as (x), is infinitely 
differentiable, and all its derivatives are absolutely integrable. Thus 


D%{(c) converges to zero more rapidly than any power of 1/| «|. Con- 


‘The present material will be treated in more detail in Volume II, Chapter III, 
Section 1. 
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sequently ¥(c) possesses all the same properties as a function of ¢ = (ay, 
.+-) On) AS p(x) possesses as a function of x. We may thus deduce that the 
Fourier transform maps S into itself. Moreover, since the same consider- 
ations hold for the inverse Fourier transform, this must be a mapping 
of S onto itself, which means that every (oc) € S has an inverse image under 
the mapping. It can be shown that every sequence ¢,(x) that converges 
in S is mapped by the Fourier transform into a sequence ¢,(c) which 
also converges in S. 

All this implies, in particular, that every ¥(c) in Z is an element of S. 
(This result can also be obtained more directly: the definition of Z 
implies that every ¥(c) € Z is infinitely differentiable and that as | o | > © 
it converges to zero more rapidly than any power of 1/| o | . The Cauchy 
integral formula can be used to deduce this same property also for any 
of its derivatives.) It implies in addition that any sequence %,(c) which 
converges in Z converges also in S. Further, since K is dense in S, its 
image, namely Z, is also dense in S, so that any (co) € S can be obtained 
as the limit (in the sense of convergence in S) of a sequence ¢,(c) € Z. 


2. Fourier Transforms of Generalized Functions. 
A Single Variable 


2.1. Definition 


We have seen that there exists a one-to-one mapping between K and Z 
which preserves the linear operations and convergence. A similar 
mapping can be established now between the continuous linear function- 
als on these spaces. We shall set up this mapping so that when applied 
to a regular functional corresponding to an absolutely integrable function 
it induces a mapping of this function into its classical Fourier transform. 

We shall start again with the case of a single independent variable. 

Let f(x) be an absolutely integrable function whose Fourier transform 
is g(a). Then for any 9(«) in K and its Fourier transform (oc) we have 


(9) = [FR os) de = 5- [Ff Woy et do de 


=x [ Mor| [Fee axl do = = [Ae Ue) do = 5 (a) 


a relation which is sometimes called Parseval’s theorem and remains 
valid also if f(*) and g(x), and therefore also their Fourier transforms 
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g(c) and (oc), are square-integrable on the real line. Parseval’s theorem 
shows that g(c) is the generalized function defined by 


(2, 4) = 2n(f, ¢)- (1) 


We may use this equation to define a generalized function g in Z’ 
for every generalized function fin K’. Then we shall call g as defined by 
(1) the Fourier transform of f and shall denote it by F[f] or by f. 

We emphasize that F[f] is a functional not on K, but on Z. 

The formulas for the derivatives of the Fourier transforms are pre- 
served also for generalized functions: 


p(£) FLA = FIP) (2) 


F[p (4) ] = P(—# FIP]. (3) 


In particular, multiplication by 7x in K’ corresponds to differentiation in 
Z’, and differentiation in K’ corresponds to multiplication by —zs in Z. 

To prove these statements we need only set P(d/dx) = d/dx. For this 
case we have 


(Flixf], Flel) = 2n(ixf, ¢) = 2n(f, —ivp) 
= (FIfl, Fl—ixp]) = (FIf], —4-Flel) = (4-F IAI, Flel), 


which will then give Eq. (2). Equation (3) can be verified similarly. 
The inverse operator F~! defined on Z’ maps g into f again according 
to Eq. (1) (which we may now read from right to left) so that 


FOP =f, FUFAlgl] =2, 


(4) 
(Fa), ») = 3 (8, Fle). 


The formula FF[p(x)] = 27 o(— x) [Section 1.1, Eq. (6)] is also 
easily translated into one for generalized functions. Indeed, for » in S 
we have 


(FF[f], FF[p(x)]) = 2o( FT], Fle(*)]) = (27)? G, v(*))- 


But we may replace FF[g(x)] on the left by 27g(— x). Dividing by 27 
and replacing x by — x, we arrive at 


(FFTA 1; o(x)) = (27f; o(—*))s 
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that is, 
FF(f(x)] = 2nf(—x), (5) 


as asserted. 


2.2. Examples 


Example 1. To find F[8]. By definition we have 


(5,6) = 2n(8, 9) =2ng(0) = [ Y(o) do = (1, ¥), 
whence = 
Ff]}=S=1, Ff] =8. (1) 


Example 2. To find F[1]. This is not very different; in fact, 


(1, ¢) = 2n(1, 9) = 20 J g(x) dx = 2n | g(x) e29 dee 


= Imf0) = 2n(5, 4), 
whence 
Fil])=i1=208, Fs] = = (2) 


Example 3. Fourier transform of a polynomial. From Eqs. (2) and (3) 
of Section 2.1, we have 


F{[P(x)| = F[P(x) - 1] 
=p (-i-4) 1 = 2nP (—i +) 8(s), (3) 
F|P (4) 8(x)| = P(—is) 5 = P(—is) - 1 = P(—is). (4) 
In particular, 


Fs (x)] = (— 1)", 


(5) 
FSG" (x)] = (— 1) taste, 
Example 4. Differential equation of order n — 1. Consider the differen- 


tial equation 
ny\™(x) = xy(x), (6) 


which, after Fourier transformation, becomes the first-order equation 


_j du(c) 


wu = 9). (7) 


n(—io)*—1 u(c) = 
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Since Eq. (6), of order » — 1, has n — 1 linearly independent (ordinary) 
solutions, so has the first-order equation (7), but its solutions are 
generalized functions in Z’. We have already treated this problem in 
Section 1.5. 


Example 5. Fourier transform of the exponential e*, We may use the 
fact that 
2. bt xn 


tite? 2 n!} 


n=0 


converges in K’ to calculate the Fourier transform of the exponential 
by applying F to this series term by term. This leads to [see Eqs. (5) 
and (6) of Section 1.4] 


~ Rew 2 on. d\n : 
Pe Deg eg) 8(s) = 278(s — ib). (8) 


With this equation we can easily obtain the Fourier transforms of the 
sine, the cosine, the hyperbolic sine, and the hyperbolic cosine: 


etbx as eae 


- | = in[8(s — 6) — 8(s + 4)], (9) 


ts" 


Ff{sin bx] =F 
F[cosbx] =F pate = 7[3(s — b) + 8(s + d)], (10) 


7[5(s — ib) — 8(s + iby], (11) 


a[5(s — 1b) + d(s + 26)]. (12) 


sae aes 
F{sinh bx] = r[ oe" za a 
Flcosh bx] = Flore sie aaa 


Example 6. Fourier transforms of generalized functions extended to S. 
Consider a functional f defined on K which can be extended by continuity 
to S (see Chapter I, Section 1.10). We shall show that its Fourier trans- 
form g = f can also be extended (from Z) to a functional on S. 

Indeed, the equation 


(zg; p) = anf, ?), yp — P, (13) 


defines the functional g immediately for any 4 which is the Fourier 
transform of some g, and since g may be any function in S, so may ¢. 
Now convergence of a sequence ¢,(c) to zero in S implies convergence 
of the inverse image sequence ,(x) also to zero in S. This means that g 
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as defined by (13) is continuous on S. Indeed, if %,(o) — 0, then (g, ¢,) = 
2x(f, pr) > 0. 

Thus (13) defines a continuous functional g on S. It is clear, however, 
that for ys € Z this functional coincides with /, a functional defined on K. 
This demonstrates that f can be extended from Z to S, as asserted. 

In particular, the Fourier transforms of periodic functions, generalized 
functions with bounded support, and all ordinary functions increasing 
at infinity no faster than some power of their argument, as well as the 
Fourier transforms of their derivatives, can be considered functionals 
on S. Such, for instance, are the generalized functions F[x*], F[x*], 
F[ | « [4], and F[ | x |4 sgn x], which we shall study in detail in Section 2.3. 


Example 7. Fourier transforms of periodic functions. Every periodic 
locally summable function f(x) (with period 27), as we have seen in 
Chapter I, Section 2.4, can be written in the form of the Fourier series 


fe) = Sager, (14) 


which always converges in the sense of generalized functions (even in S’). 

Taking the Fourier transform of (14) term by term (which we are 
permitted to do by continuity) and using the result of example 5, we 
arrive at 


f@) => 68(0 +7). (15) 


Thus f(x) is a generalized function in S’ concentrated on the countable 
set of pointss = 0, +1, +2,.... 


2.3. The Fourier Transforms of x4, x4, |x |4, | x |4 sgn x 


Let us calculate the Fourier transform of x4. We shall first restrict 
our considerations to values of A such that — 1 < Re A <0. 
Consider the expression 


foe] foe) 
F[x4e-™] = | xietoxete dy — | xretst dx , (1) 
0 0 
where r = Ims > 0, so that 0 < args <a. The integral obviously 
converges. As r—> + 0, it is seen that x4e-™ converges to x4 in the 
sense of generalized functions, so that its Fourier transform converges 
to the desired Fourier transform of x. 
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We shall calculate the integral in (1) by making the change of variables 


isx = —€, isdx = —dé, era dS ee 


Then we obtain 
etl /2) 


Fite] = (SY fete ae, 


s 
where the contour Z of integration is a ray from the origin to infinity 
whose angle with respect to the real axis is given by arg € = args — w/2. 
It follows that 

T 


< ar rae 
5} arg 5° 


This represents the right half of the € plane, where the e~* is exponen- 
tially damped. Then by Cauchy’s theorem the integral is equal to the 
integral along the positive real axis, namely, 


[Goede =TA+n), 
0 


so that we obtain 
Flx4e-"®] = ie#*/2(g 4 ir)-4-1 F(A + 1). 
Note that because — 1 < Re A <0, we have 
—1 <Re(—A—1) <0. 


We now pass to the limit 7 — + 0, arriving at (see Chapter I, Section 
3.6) 


F[x4] = ie!) F(A +. 1)(o + 10)-7-2. (2) 
Now by analytic continuation! this formula will be valid for all A 4 — 1, 


1 Here (and often in the future) we make use of the following simple considerations. 
Let f, and g, be generalized functions depending analytically on A in a region G, and 
assume that in some smaller region G, C G we know that gy is the Fourier transform 
of f;, i.e., that g, = fj. Analyticity means that the ordinary functions of A 


(fa, %) and (ga, #); (*) 
where ¢ and ¢ are test functions (for instance, in K and Z, respectively), are analytic 
in G. The Fourier transform relation means that in G, and for ¢ = ¢@ the functions of 
(*) are related by 

(ga, #) = 2a( fy, 9). (**) 
Uniqueness of analytic continuation then leads to the result that (**) is true also in G, 
and therefore that in G the generalized function gy is again the Fourier transform of fj. 
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— 2,.... By dividing both sides of the equation by I(A + 1), we obtain 
entire functions of A on both sides of the equation, so that for all A we 
may write 
Fee = ie!M7/2(q 4 10)-1 (3) 
TA+) 
We may insert the explicit expression for (¢ + 70)~*-1 from Chapter I, 
Section 3. Then for A 4 0, +1, +2, ... we obtain 


Fx] = FA + 1) feat) — e Mag 1] 5 (4) 
for A = nm (where m is a nonnegative integer) we obtain 
Flxt] =i" [nlow™? + (—1)"** 50). (3) 
In particular, 
Flx°] = F[6(x)] = io + 78(0), (6) 
Fist] = Flx,] = —o-® — in8'(0), (7) 


and similar expressions for higher powers. 

The Fourier transform of x is calculated similarly. We start by 
assuming that — 1 < Re A < 0, and calculate F[x’e-“] for 7 <0. We 
then go to the limit as s — — 0. In this way we arrive at 

0 
Doe oak ded (Ee i | x4 | etore-t™ dx 
i 


2 ik tie~ist Jp — (- oe I(A + 1). 


This means that for A ~€ — 1, — 2, ... we have 
F[x4] = —ie*¥772) F(A + 1) (6 —i0)-1 (8) 


and that for all A we have 
rl 


Haacn| = —ieHl2/2) (g — i0)-*1, (9) 


Again inserting the explicit expression for (¢ — i0)~*~', we find that 
for AA0, +1, + 2, ... 
Flak] = iT + 1) [e820 gt — etl) gA-1], (10) 
For 4 = n (with m a nonnegative integer) we have 


Flx"] = i"[(—1)-nlo-"1 — i8((0)]. (11) 
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Let us now proceed to | x |4 and |x |4sgn x, Adding and subtracting Eqs. 
(4) and (10), we find that forA 40, +1, +2,... 


Fil x |*] = Flxt] + F[x*] = —2FQ + 1) sin Jo|*, (12) 


Fl | x |* sgn x] = F[xt] — Fx] = 200A + 1) cos a o|-*-1 sgno. (13) 
ac é A+1 ; 
We now divide both sides of (12) by r(—) and use the duplica- 


tion formula for the F function.? We then obtain an elegant formula for 
the Fourier transform of the entire function 


— 9-4 | x (4 
nm 
namely, 
phat) a ast 
FU) = Vin 21 
r(-3) 
= (12’) 
= V 2nf_i-1(0). 
Performing similar operations on (13) and setting 
= 2-24 | x [4 sgn x 
Bi) = r (A+?) 
. Z 
we obtain 
_ 9H ALD | g [-4-1 = 
Flee)] = Vi = BO = Vig alo) (13) 
Oa 


Similarly, for A = n (with m a nonnegative integer) Eqs. (5) and (11) 
give 
Fl | x |") = F[x") + Flx"] = i"4[{1 + (—1)"4} 0-1 al! 
+ {(—1t* — pando), (14) 
Fl x |" sgn x] = Flax") — Flan) = [1 — (—1)"4} 0-1 a! 
+ {(—1)"1 + 1} id'%(o)]. (15) 


* Fikhtengolts, ‘“‘Calculus,”’ Vol. 2, p. 784. See also Whittaker and Watson, ‘“Modern 
Analysis,” p. 240. 
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In particular, for 1 = 2k even, we have 
F[x?*] = (—1)* 278@"(o), (16) 
Fi | x |?* sgn x] = 22(—1)* (2k)! o2k-1 , (17) 

while for 2 = 2k + 1 odd, we have 

F[x2+1] = 2nd(—1)*+1 824+) (0), (18) 
FI | x [#1] = 2(—1)*#1(2k + Ll o 22, (19) 
The generalized functions | x |? and | x |4sgn x remain continuous 
also for certain negative integral A, the former for even A = — 2k — 2, 
and the latter for odd A = — 2k — 1, R= 0, 1, 2, .... Their Fourier 
transforms are obtained directly from (12) and (13) by reapplying the 
operator F and making use of the formula FF [f(*)] = 2nf(— x) [Eq. (5) 


of Section 2.1]. Finally replacing x by o and vice versa, we arrive in 
this way at 


Flx-9] = (—1)*" ay lo |, (20) 
F[x-?*-1] — a |o|?* senc. (21) 


It can be seen that these expressions are obtained from (12) and (13) 
simply by writing A = — 2k — 2 and A = — 2k — 1, respectively. 

Proceeding in the same way, we apply F again to Eqs. (3) and (9) 
and replace — A — | by A. This gives the Fourier transforms of (« + 20)4 
and (x — 20), namely, 


iA( 2/2) 
are), eas 


F(x + i0)'] = oe ae (22) 
F ne Qrre taj?) = 
[(# — 20)*] = “ae es (23) 


The formulas we have here obtained will be found in the table at 
the end of the book. 
2.4. Fourier Transforms of x4 In x, and Similar Generalized Functions? 


By differentiating the Fourier transforms of the preceding section 
with respect to X, we obtain new Fourier transform formulas. For instance, 


3 On first reading this section may be omitted. The results we obtain here are preserited 
in the table of Fourier transforms at the back of the book. 


2.4 Generalized Functions. A Single Variable 175 


the derivative of Eq. (2) leads to the result that for A 4 — 1, —2, ... 
Flt In x,] = ie’ Ir 41) (0 +10)" 
~ FA +1)(@ +i0)+4In(o +10) +2 + 1) (0 +041 (1) 
= ict TQ $1) +85 TA 4D] (+10 
— TA +1)(o + 10) In (o + io)| 


Similarly, differentiating Eq. (8) of Section 2.3 gives the result that for 
A4~—1,-—2,... 


Flxt In x] = —iet™ } [TA +1) -*FTA+ DY] (Oy 
—I(A +1) (¢ — 10)" In (o — io). (2) 

In particular, setting A = 0 gives 

Filn x,] = i| (Td) +85) (© + 0) — (0 + 0) In(o + io) ; (3) 

Fllnx_] = —i } (r'() = is) (o — i0)-1 — (« — 10)“ In(o — 10) . 4) 
Adding and subtracting Eqs. (1) and (2), we arrive at 

Flj x |41n| x [] = cet [ra +1) +i5TAt 1)| (o + i0)-*1 

— ier [TA + 1) — FTA + D] (o — 


— ie) F(A + 1) (0 + i0)-* In (o + 10) (5) 
4 ie) P(A 4 1) (0 — i0)-*1 In (o — 10), 
FU| «|4In | x | sgn x] = zet72) [ra +1) +igTAt 1)] (o +10)" 
4 ie-#A 7/2) [ra +1) if TA+ 1)| (¢ —i0)- 31 
6 
— iet€2/2 P(X 4 1) (0 + i0)-*1 In (o + 10) " 
— ie~#7/2) T(X + 1) (a — i0)-*1 In (o — 10). 
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In particular, for 4 = 0 we have 


Flin |x|] =2 [ra "i is] (o + 10)1 —i [ra = is | (¢ — 10) 

—i(o + 10) In (o + i0) + i(o — 10) In(o —i0), (7) 
F[in | «| sen x] = i[r'a) i5| (o + i0)-) + [ray = i5| (o — i0)71 

— i(o + 10) In(o + 10) — io — 10) In(o — 10). (8) 
If we take the limit as A» — 2k in Eq. (5) and as A—> — 2k — 1 


in Eq. (6), we obtain expressions for F[x~?" In | x |] and F[x~?*-1 In | x |]. 
These expressions can also be obtained in a somewhat different fashion, 
as we shall show below. 

The Fourier transforms of x;”, x=”, x;"Inx,, and x” In x_ can be 
obtained from the Laurent series for x and x1 about A = — n. 
Recall that the Laurent series of x4 about such a pole is 


nr 


a (=r tdi? &) 


aie == DOcay Toe ree H+ sees 


Taking the Fourier transform term by term, we have 


—])r-1 sin—p 
Fix] =F ee +Fley"] + A+ n)Flx ing J+... (9) 
If we now expand 
Flxt] = ie) TA + 1) (0 + 10) (10) 


in powers of A + m and compare Coefficients with (9), we will obtain 
expressions for the Fourier transforms of the desired functions. Note 
that e4'7/2) and (o + 10)-*) are entire functions, while J(A + 1) 
has a simple pole at A = — 1. Thus the desired expansion of (10) in 
powers of A + can be obtained by multiplying the Taylor’s series for 
(o + i0)-* by the Laurent series for 


A(A) = ie) TOA + 1). 
The first of these series is 
(o + 10)-*-1 = o* 1 — (A +. n) 01 In (o + 10) 
+ 4 4 n)2 0% In? (o¢ + 10) +.., (11) 
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and we write the second in the form 
ai”) 


AQ) =, 


+a +a) (A +n) +.. (12) 


The a‘, a”, ... can be calculated explicitly, and we shall present them 
without derivation somewhat later. The product of (11) and (12) yields 


ie712) T'(X +1) (0 + 10) 


a” 


~ N+ +n 
+ (A + n) [ai ot} — ai) ot In (o + 10) 


ot) 4. fain) gn-1 a) o®1 In (a + i0)) 


+ $a! o®-11n? (o + i0)] +... (13) 

We now compare coefficients of (9) and (13), arriving at 
F [x;"] = aan} — a o"-1 In (o + 20), (14) 
Fx, In x,] = a o*-! — ainon-1 In (o + 10) + gato" In? (o +70). (15) 


Similar calculations will give the Fourier transforms of generalized 
functions such as x.”, x_"In x_, etc. Again we start with the Laurent 


b 
series 
5(™-D)(x) 


al “C= Mae. ee + see, 


and take the Fourier transform term by term: 


(x) ae a 
F(t] =F Peace 4+ Flx-"] +A 4+ 0)Flx ine J+... (16) 
Again we use the fact that 

F[xt] = —1e-#772) T(A + 1) (0 — 10)" 


to obtain the desired formulas by expanding in powers of A + m and 
equating Coefficients with (16). In this way we arrive at 
(o — i0)-*1 = o®-1 — (A + 2) 0-1 In(o — i0) 


+ BA + ator In{o — 10) +.) (17) 
and 
(n} 


A+n 


—ie*M7/2) TA 4+ 1) = BA) = + 7) 4M) (A+ n)+..., (18) 
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which yields 


(n) 
Fix4] = ot onl + [6 on-1 — BY on-1 In(o — i0)] 
4 (A+ 0) [™ o®-1 — b™ o*1 In (o — i0)] 
+ $b of In? (o — 10) +... (19) 


We now equate coefficients as planned, arriving at 
F[x-"] = Bi) onl — B®) on-1 In (a — 10), (20) 
Flxz” In x_] = 5” ot-1 — bo" In (o — i0) 


+ $bor-1 In? (co — 10). (21) 


Let us now obtain the Fourier transforms of the generalized functions 
[x|-", |x|*sgn x, |x|[-"*In| «|, and |x|-*In|«|sgn«. We expand 
| x |4in a Taylor’s series about A = — 2k: 


| 2 [4 = a2 A + 2k) x In| x | +... 
The term-by-term Fourier transform is 
FU| x [4] = Flam®*] + (A + 28) Fle In | x |] +. (22) 
On the other hand, we have already found that 


FI| x 4] = —2sin a FA+1)|¢|--. 


Let us write 


C(A) = —2 sin TA+1)). (23) 
At A = — 2k this function is analytic, so that we may write 
C(A) = of?) 4 (A 4 2k) C2 4... (24) 
Moreover, in the neighborhood of A = — 2k we have 
| o f-A} = | o 7-1 — (A + 28) | o [P21 In| o| 4... (25) 


We now multiply (24) by (25) and compare the results with (22), ob- 
taining 
F{x-?*] — oe | o [pret (26) 


2.4 Generalized Functions. A Single Variable 179 


[cf. Eq. (20) of Section 2.3] and 
Fle *In| x |] = of") [o FT — 2 |o PAI] |. (27) 


The higher order terms of (22), (24), and (25) can be used to find 
F[x-** In? | x |], ete. 

We now proceed similarly with |x |4sgn x, expanding it about 
A = — 2k — | to obtain 


|x |4sgn x = x14 (A 42k 4+ 1) x71 In| xe] +... 
Again we take the Fourier transform term by term: 
FI| x sgn x] = Fle] + (A + 2k + 1) Flax? In | x [] 4... (28) 
On the other hand, we have previously calculated 
F{| x |4sgn x] = iD(A)| o |-* sgn a, 


where 
D(A) = 2.cos ai TA +1). (29) 
Proceeding according to the same method, we expand D(A) and 
|o|~4-1 sgn o in powers of A + 2k + 1. We have 
D(A) = d24) 4 (A 42k + 1) dee) + ..,, (30) 
|o|-*Isgno =|o/[**sgng —(A4+ 2k 4 1)|o[?* In| o|sgno+... (31) 
Multiplication of (30) by (31) and comparison with (28) gives 
Flax] = id? | o [2% sgno (32) 
[cf. Eq. (21) of Section 2.3] and 
Flx-*1 In | x [] = id? | o 2 sgn — id?) | o[2*In|o|sgno. (33) 
We wish now to calculate the Fourier transforms of | x |-” and 
|x|-" In |x| for odd m, and of | x |-" sgn x and | x |~"1n | x | sgn x for 
even n. To do this we shall proceed as above, except that instead of 


Taylor’s series we shall use Laurent series. 
First we expand | x |4in a Laurent series about A = — 2k — 1. This is 


§(2#)() 1 


fal ae as Wry So 


| x | —2k-1 


+ (A + 2k + 1)| « |[-?* 1 In| «| +... 
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Taking the Fourier transform term by term we have 


F[82*(x)] 1 z 
(Gey Nao pd tT Fler 


+A 42k +4 1)F[lx[*AIn[ xl] +.. (34) 


Fl x |] =2 


We now multiply the expansion 


k. 
re +1) 


eee a) Ter 


+ (k+l) 4+ (YX 4 2k 4 1) cP) +... (35) 
by 
| o [-4t = o% — (A 42k + 1) o% In| o| 
+ 4(A + 2k + 1)? 0% In?/o| +... (36) 
to arrive at 


cl2k+L) gah 
Fl x [4] = RF [eft ot — cl2+) oP In | 0 [] 


ee ere es 
4 (A+ 2k $1) [el2e+ o@ — cl2k+) G2 In | o | 


+. % clBe+1) o* In? | o |] +..... (37) 

Therefore 
FI | x [-2#2] = cf2h+ Vote — l2k+Dg2k In | o |, (38) 
FI x [-2®-2 In | x [J = cft#+okk — Garelas In|o| + $ cl2k+lig2k In?|a|. (39) 


We now proceed similarly to expand the Fourier transform of | x |4sgn x 
about A = — 2k: 


| x |4sgn x =257 -G at | « |-2* sen x 
+ (A + 2k) | x |-** In| x| sgnx + ..., 
F[S5@*-D(x)] 1 
(2k —1)t A+ 2k 


+ (A + 2k) FI « |-2* In| «| sgnx] +... (40) 


F{| x | sgn x] = 2 z+ Fill x |-% sgn x] 
In this case the series to be multiplied are 


| o|-4-1 sgno = o7*-! — (X + 2k) o**-1 In| o | 
+ $(A + 2k)o%-1In2|a|, (41) 
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and 
q'®) 
D@) = 5 ry: + di) 4 (A 4 2k) d@™ 4..., 
which gives 
(2k) 
D(A)| ¢ |-4-2 sgne = aE Y' atk-l 4 [ql2hg2k-1 _ gitk)g2k-l Ip | g |] 


+ (A + 2k) [dP Mor? — di2kg2k-l In | a | 
+ $ dit gt In? | o |] +... 
Comparison of (40) and (43) leads to 
FI] x |-* sgn x] = id@q2h-1 — id(2hg2k-1 |p | o |, 
Fi| x |-?* In | x | sgn x] 


18] 


(42) 


(43) 


1 
e238 k- 73 = 2k), 2k— 
= 1d\2k)g? — id (2h) 2k linj{o| + 5 d\**)g? Mn? | ol, 


In the above calculations we have introduced the new functions 


A(A) — petAln/2) Pa ot 1) — + aw) a ai”) (A + n) a ee 


a 


(n} 


BA) = —ie~7) TX 41) = a 


. Ar rat 
CQ) = —2sin FTA +1) = 5 


a 


am din(r 
a er 


DQ) = 2 cos F(A +1)= 


- + Bm 4 IMA + n) + .., 


Note that B(A) = A(}) for real A, so that B(A) is obtained from A(A) 
by replacing: by — 7. Further, C(A) = = A(A) + B(A), which means that 
C(A) = 2 Re A(A) for real A. Similarly, D(A) = A(A) — B(A), so that 


D(A) = 21m A(A) for real A. We here present a4), a)”, 
without derivation: 


a 1 1 7 
(nm) : is t peed 
“0 cesar a is] 


and aj” 
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ain) — Gr = Cee 


fo ik 8 


yn-l | n-1 l =) 


p(laa pe tain 


HZ [lt 5te +o erat: 


bm — ar; cl —2Ream; — d™ = 2Ima\”, 


In particular, 


Ges = (—i)"-1 ee 4-1" 1-1 
oe at ane a V0 


2-1)". 7 
(n} - ie 
qi) = G1 sin (n 1) 5. 


cos (n — ee 


2.5. Fourier Transform of the Generalized Function (ax? + bx + c)4 


Consider the function (ax? + bx + c)4, which is equal to (ax? + 
bx + c)4 for those values of x for which ax? + bx + c > 0, and to zero 
for all others. 

The corresponding generalized function is defined by 


((ax? + bx + ct, o(e)) = [ (ax? + bx + 6) ox) dx (1) 


ax*+ba+¢ >0 


for those A for which the integral exists and by its analytic continuation 
for other A. 

The region in which ax? + bx + ¢ > 0, if it exists, may be of one 
of the following forms: 


(1) An open interval « < x < B; 

(2) The entire line; 

(3) Two half-lines x < « and x > B (with a < 8); 
(4) The entire line except for a point x = a. 


It is always possible to perform a linear transformation on x (a trans- 
lation and a change of scale) such that (ax? + bx +c)‘ is transformed 
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to one of the following forms corresponding, respectively, to the four 
cases above: 


(1) (1 — 9; 
2) (+ sty = (1 + 25 
(3) (x? — 1)45 
(4) x74. 
We shall not be interested in this last case, since x 


transform have been treated already. 
In Case | the integral 


2A 


“ and its Fourier 


[ (1 — x?) ox) dx 


converges for Re A > — 1, and for other values of A it can be regularized 
(analytically continued) in accordance with the expressions given in 
Chapter I, Section 3. It is then clear that (1 — x?) is a generalized 
function which is analytic everywhere except at A = — k, where k 
is any positive integer, at which points it has poles with residues 


(—1)F-18-0(1 = x?) 
(k — 1)! 


Here 5‘*-1)(] — x?) is the generalized function 


oe [S*-D(x~e — 1) — &*-1(x 4 1). 


S(e-1(] — x2) 
Similarly, (1 + x)4 is the generalized function defined by the integral 
[+ 9x) de, 


which converges for Re A < — and is analytic for all A, while (x? — 1)4 
is the generalized function defined by the sum of the integrals 


[0 = 289 (a) de + [°C = 28 90) a 


which converge for — 1 < Re A < — 3}. This generalized function is 
analytic except at X= — k, where & is any positive integer, where it has 
poles with residues 
(—1) F182 =n 1) 
(k — 1)! 
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Here 6'*-1)(x? — 1) is the generalized function 
SRD (x2 = 1) ea (—1)*-18-D(1 2 x?) 
1 


= Seer [5 (e — 1) — 8-1 + 1). 

In connection with the above, it would perhaps be valuable as an 
aside to give the general definitions of d(f(x)) and 5( f(x)). 

Let us first assume that f(x) is an infinitely differentiable function 
having the single simple root x = x9, and that f’(x)) > 0. Consider 
the integral 


[ 8) e@) at = 90), (1) 
in which we make the substitution t = f(x). Equation (I) then becomes 
| 8) oF) F'(@) dx = (0) 

in which we may write 9(f(x))/'(x) = (x) to obtain 


(x9) 
5(f(x)) d(x) dx = > ; 
J 5(F0) oe) de = FO 
If f'(x)) were negative, we would have had to take the negative of the 
integral on the left-hand side if by the integral we mean integration in 
the direction of increasing x. Consequently, in general we must write 


(xo) 
| f'(%o) |” 


These preliminary considerations lead in a natural way to the following 
definition. Let f(x) be a differentiable function having the single simple 
root x = x. We define d(f(x)) by Eq. (II), where (x) is any function 
in K. 

Assume now that f(x) has any number of simple roots. Then it is 
natural to define 5(/(x)) by 


| 8) Wa) dx = (11) 


[Ue nay de = Be, (11) 


where the sum is taken over all the solutions of the f(x) = 0. This 
definition can be written in the form 


8(F(2)) = Daren a): (Iv) 
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For instance, 


d(sin x) = > 5(x — zn). 
It is quite simple to obtain a definition of 5)(f(x)) from (IV) by formal 
differentiation. Taking the first derivative, we obtain 


as 1 d 
Sfx) F'(~) = DF ay] ax — Xn). 
Since f’(x) does not vanish at x = x,, we may divide by it to obtain 


, 1 1d 
d'(f(x)) = Dy TFG] Fe) de — Xn). 


Proceeding in the same way, we arrive at 


8M) =D ray] (Fea) (V) 


Let us now find the Fourier transforms of (1 — x?)4, (1 + x), 
and (x? — 1)4. For those A for which the corresponding integrals 
converge, these Fourier transforms can be given in terms of Bessel 
functions. It follows from the uniqueness of analytic continuation that 
these expressions will hold for all A. It is interesting that for integral A 
these Fourier transforms can be given in terms of elementary functions 
and derivatives of the 6 function, which then establishes relations 
between the Bessel functions and the derivatives of the 5 function. 

Let us start with (1 — x?)4. For Re A > — 1 we may write* 


1 = ~a-$ 
i _ at ett de = Val + 1) (=) Tany(’)- (2) 


The function on the right-hand side, and therefore also that on the 
left, is analytic everywhere except at A = — n, with ma positive integer, 
where it has simple poles. 

Thus the Fourier transform of (1 — x?) is given by 


: 5\ 4-4 F 
F(l—#J=VeTA+1)(5) Sag (2’) 
and exists for allA A — 1, — 2,.... 


4 Ryshik and Gradstein, ‘‘Tables,” p. 312, Eq. (6.413,3). See also P. M. Morse and 
H. Feshbach, ‘“‘Methods of Mathematical Physics,’”’ Part I, p. 619. McGraw-Hill, New 
York, 1953. 
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The residue at A = — n is 
—] n~-1 n—- 3 
oy ss Va (= ) Laald- (3) 


This residue can also be written in a different way. To do this we 
divide both sides of (2) by F(A + 1) and go to the limit as A— — n. 
Since 

_ (l— x ee eee 
pe Troe 1) Se ee) 


we have 


Ve (5 Leal = [Tse eri 


The integral in this expression is easily shown to be 


: oe (<8), 


n—1 
This is the second expression we wanted to obtain for the residue at 
A= — n. 
For integral A = nm > 0, we may easily obtain the formula 


ans) 


is (1 — x2)" ef dx = 27+] nl(—1)» arr i ( : 


(6) 


To derive this, note first that it is true for m = 0. Now assume it to be 
true for some m > 0 and proceed by induction. In particular, we apply 
the differential operator 2s—1 d/ds to both sides and integrate by parts 
on the left, which then proves the assertion for m + 1. 

From the above formulas, we may easily obtain an expression for the 
Bessel functions of half-odd integral order in terms of elementary 
functions. From Eggs. (3), (4), and (5) we have 


Lior Ba(2, 


This expression is valid for negative orders. For positive orders we set 
A =n in Eq. (2), obtaining 


| : (1 — x2)" eft de = nl Va a Tn aql’)- (8) 
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Comparing this with (6), we arrive at 


Tnag(®) = (—1P tty] 2 way (“)- (7' 


We have thus shown that for both negative and positive half odd 
integers 7 the Bessel function J,(x) can be expressed in terms of elemen- 


tary functions. 
We now turn to (1 + x?)4. The Fourier transform of this function 


for Re A < OQ is® 


ii eof oa -a-4 
i‘ (1 + x?)4 ef@8 dx = Ang, >| K_,_4(| 5 |). (9) 


This equation holds for all A. For positive integral A = m the Fourier 
transform is easily obtained more directly. For this case (1 + x?)4 is the 
polynomial (1 + x2)", while | s |~4-#K_,_4(| 5 |) is singular (has a pole). 
Indeed, we already know that the Fourier transform of (1 + x7)” is 
(1 — d?/ds?)"8(s). 
This implies 
1 | 5s [4 d? \" 
lim Foy 13 | K,_4(l sl) = v= (1 ~~) 8(s). (10) 
Finally, let us turn to the Fourier transform of (x? — 1)4. This is 
given by 


=] foe) 
| (x? — 1) ef dx 4 i (x? — 1) e@** dx 
-© 1 


=2 [@ — 1)‘ cos sx dx. (11) 
1 


But for — 1 < Re A <0 we may write® 


_Ta+i) va 


f (x? — 1)4 cos sx dx = mr 


N_,4(sl)- (12) 
215 


5 Ryshik and Gradstein, ‘‘Tables,” p. 251, Eq. (5.116,1). See also W. Magnus and 
F. Oberhettinger, ‘‘Formulas and Theorems for the Functions of Mathematical Physics,” 
p. 118. Chelsea, New York, 1954. 

§ Ryshik and Gradstein, “Tables,” p. 314, Eq. (6.422). See also W. Magnus and F. 
Oberhettinger, loc. cit., p. 27. 
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This means that for all 4 4 — n, where n is a positive integer, the 
Fourier transform of the generalized function (x? —— 1)4 is 


2 | (x? — 1) cos sx dx 
1 


~i-d 
= —I(A+ Iva |5 | Nal 


ed 
=TA+1)vz|5| 


sin a(A + 4) Se 


Particularly simple is the Fourier transform of (x? — 1)%, where n is a 
nonnegative integer, for which the above expression becomes 


2 | (x? — 1)" cos sx dx 
1 
ro) ; 1 
—_— | (x? — 1)" ers dx + (—1y4' [ (1 oo x“) erst dx 
~a -1 


= 2n(—1y" (1 + a )’ 8(s) + (—1)"1 Vn (a Jna(8)- (14) 


2.6. Fourier Transforms of Analytic Functionals 


Consider the analytic functional on Z defined by 
(8,8) = [_ als) Hs) ds. (1) 
r 


We shall assume I to be either a finite or infinite contour, but in any 
case, one along which g(s)e™ is absolutely integrable for any real 6. We 
then assert that the functional g is the Fourier transform of the regular 
functional on K corresponding to the function 


1 


fe) =x J ayer ds, 2) 


TT 


Before proceeding we point out that f(x) is defined by (2) for all x 
by our assumption about I’. Let (x) be a function in K whose Fourier 


2.6 Generalized Functions. A Single Variable 189 


transform is ¥(s). Then in (1) we replace 4(s) by its expression in terms 
of g(x), obtaining 


(v= J a(s)|[ ole) etm ds| 
= [ 9(x) Ife en as| dx 
= 2n | Fos) de = Inf, 9), 


where f(x) is defined by. (2). This completes the proof of the assertion. 

Assume, for instance, that I is a finite closed contour in the interior 
of which g(s) has a single isolated singular point s,. Then according to 
the residue theorem, f(x) may be written 


Fe) = [_a(s) ef ds = Ini + res [g(s) et] 


Example. Consider the analytic functional 
10 


M9) = [exe (5) ¥@a (3) 


in which the integral is taken along the imaginary axis (or any equivalent 
contour). By the above proof g is the Fourier transform of the function 
f defined by 


f(x) = ~ i exp (+) esx ds, 


~i0 


This integral is easily calculated. If we replace s by iz, it becomes 


dr 


Ef 00 (- Gan) a= oo (F) [on dete 
- Zon F) [° a0 (-F) += Feo (F) 


Thus the analytic functional of Eq. (3) is the Fourier transform of 


Inverting this result, we find that the Fourier transform of exp(x?/2) 


is the analytic functional corresponding to the function iV 27 exp (s?/2) 
and the contour (— 7, 70), 
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3. Fourier Transforms of Generalized Functions. Several Variables 
3.1. Definitions 


The Fourier transform of a functional f acting on the space K of test 
functions g(x) of several independent variables x = (x, ..., *,) is 
defined as the functional g acting on the space Z of functions (s), with 
s = (51, ..., 5,), according to 


(g, 4) = 27)" 9), (1) 


where % = g is the Fourier transform of g(x). The functional g is both 
linear and continuous, and we shall denote it by f or by F[f]. The results 
of Section 2 can be applied here with hardly any changes. Equations 
(2) and (3) of Section 2.1 now become the following: if P is a polynomial 
with constant coefficients in m variables, then 


P(g on Gen) FLA] = FIP Cit se) A, (2) 
FP: he =) 1 = P(—is,,..., — ix) f (3) 


The inverse operator F-! acts on Z’ and maps it into K’ according to 
1 
i = 
(F £,7) = (2ar)" (g, Fo). (4) 


If f(x) is a function that has a Fourier transform in the classical sense, 
then / is the regular functional corresponding to the Fourier transform 
of f(x). 

Of the singular functionals the simplest, as usual, is the delta function. 
It satisfies the two formulas 


(x)= 1, 1 = (2n)" &5), (5) 


which are the analogs of Eqs. (2) of Section 2.2. 
The Fourier transform of a polynomial is obtained by combining 
Eqs. (2) and (5) to give 


FIP(*, oeey Xn)] = F{P(x, very Xn) 1] 
o 
Os, p vee 


= (2n)" P(— i 
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Let us study the behavior of the Fourier transform of some general- 
ized function f when this latter is subjected to some linear operator u 
(see Chapter I, Section 1.6). For any g(x) in K we have, writing 
ux = y, « = uy, and dx = | u | dy, 


‘ 


Flo(us)] = | guna) eto de = |u| | oy) efter? ay 


= |u| [ oy) eo dy = |u| G(w'o), 


so that the uw—! operating on the x variables induces the transpose wu’ on 
the o variables, and the result is multiplied by | uw |. For a generalized 
function f we have, writing (oc) = F[¢(x)] as always, 


(FLf(ux)], Flp(~)]) = (27)"(f(ux), p(*)) 
= (20)"(f(2), pu") = FU), Flop *))) 
= (FLF(s)], | #| o(u'o)) = | « |(FLZ(@)], Flp(u’e))). 
Now putting g(c) = F[f(x)], g,(¢) = F[f(ux)], we obtain 


(gu(), #(o)) = | u |(g(e), #(u'o)) = | u |(g(u’~*e), Y(e)), 


whence 
&(9) = | ¥| gute). 


Thus the transformation f(x) — f(ux) in K’ induces the transformation 
&(c) > |u| g(u’— 1c) in Z’. 

If, in particular, f is invariant under u, so that f(ux) = f(x), its Fourier 
transform is invariant under u’—! followed by multiplication by | u |, 
so that | wu | g(u’-10) = g(a). For instance, if f is spherically symmetric, 
that is, if it is invariant under any rotation u, its Fourier transform is also 
spherically symmetric, since every rotation has the two properties 
uv} =u and |u| = 1. 


3.2. Fourier Transform of the Direct Product 


Let f(x) and g(y) be given generalized functions of the variables 


x = (x, ..., %,) and y = (y,, ..., y,), and let f(€) and Zn) be their 
Fourier transforms. Then the Fourier transform of the direct product 


f(x) x g(y) is given by 
Fif xg] =f(8) x &). 
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In other words, the Fourter transform of the direct product is the direct 
product of the Fourier transforms. To prove this one need only verify 
the equation for functions (x,y) of the form Lj_, p,(x)%;(y) (see 
Chapter I, Section 5.1). For such functions we have 


(7 Xz, p> eis) = (2r)"+* (f XeD pits) 
= (2ny"* > (fF, 9) (ed) = DAG) (& ds) 
= (fx &D Gus) = (7 xD on), 


as asserted. 


Example 1. For f(x) = 8(x), our formula becomes 


F[S(x) x g(y)] = 1) X gm). 
In particular, 
F[8(x) x 1(y)] = 1) x (27)"5(n). 


In other words, the Fourier transform of the characteristic function of 
the subspace R, is the characteristic function of the subspace R; multi- 
plied by (27). 


Example 2. Consider the function f(x, y) of two real variables which 
is equal to 1 for x > 0, y > 0, and to zero for other x and y; let us find 
its Fourier transform. Since the function we are dealing with is the 
product (and therefore also the direct product) of 0(x) and @(y), we may 
use Eq. (6) of Section 2.3 to obtain 


Fle, y) = (x) x Oy) = [aS(E) + i€4] x [08(n) + i]. 


3.3. Fourier Transform of r4 


In Chapter I, Section 3.9 the spherically symmetric generalized 
function r4 is defined for 4 ~ —n, — n-— 2, .... Therefore its 
Fourier transform g,(c) is also a spherically symmetric generalized 
function, The Fourier integral 


gc) = | pietlo.x) dy 
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converges for — nm < Re A < 0, and is a spherically symmetric function, 
or a function of p = V Do?. Further, for any t > 0 we may write 
g,(te) = | pieilto.c) dy — | peilo.te) dy. 
We now write 
ix=y, x=tly, de=tdy, r=|x|=t"|y| 


which leads to the result 


gi(to) = | | yA t-rretlow dy = 1-09 ,(c). 


This means that g,(c) is a homogeneous generalized function of degree 
— A—n. It can therefore be written in the form g,(¢) = Cyp-*”. 
Let us calculate C,. For this purpose we use the general formula 
(ga) = (27)"(r4, p) in which we set! g(x) = exp (— 77/2) = 
exp (— xj/2) ... exp (— x;/2). Then 

2 


(oc) = | V2n exp (--2)) ‘ae [v2n exp (-3)] — (27)?" exp (-) 
and we arrive at 
C,(2n)*” | exp (- £) p-*-4 do = (2m) | r exp (-<;-) dx. 


Both integrals can be calculated by going over to spherical coordinates. 
We divide both sides by the area of the unit sphere and replace the 
multiple integral by a single one, substituting p*!dp for do, and r”~1dr 
for dx. Expressed in terms of the gamma function, the results are 


[Loe (-G]etre = 2h (4) 


in exp (- +) yAtn-l dy — QhA+n-2) PP (" = *). 
0 


2 


Then we arrive at 


A+ 1N A+4n 
C, = Jhn+dayn—2)+ha414n aa) ta pane ee (1) 
r(-3) r(-3) 


1 We make use of the fact that F[exp (—x?/2)] = V 27 exp (— 07/2) for n = 1. See 
Ryshik and Gradstein, ‘‘Tables,” p. 251, Eq. 5.119. See also R. Courant, ‘Differential 
and Integral Calculus,” Vol. II, p.320. Interscience, New York, 1950. 
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so that 


F[r’] — DAtn $n —Aan, (2) 


This equation, which we have derived for — m < Re A < 0 remains 
valid throughout the region in which the analytic function 7? exists, 
that is, for all values of A except A = — n, — nm — 2, ..., at which points 
it has poles. 
is A+n ; ‘ . 
If we divide Eq. (2) by r(—*), we obtain the following simple 
formula for the Fourier transform of the entire generalized function 


A 
fir) = 2-4: 
+n 
re) 
FL fry] = (nyt 2844 FP _ ayn fy alo) (2’) 


r(-3) 
[cf. Section 2.3, Eq. (12’)]. 
The Taylor’s and Laurent series expansions of 74 give formulas for 
Fourier transforms of other generalized functions. 
We know from Chapter I, Section 4.6 that in the neighborhood of the 
regular point A, we may write 


y*§ = rho + (A — Ag) ro In r + (A — Ag)? r40 In? ry +... 
This implies that 


pa — plo 4 (A — Aq) Flr*o In r] + 4 (A — Ay) Flr* In? 7] +. (3) 


On the other hand, we can also expand r4 = Cyjp~*-™ in a Taylor’s 
series about of A,, obtaining 


Cyp 2” = Cy pom + (A — Ao) [Cy p40 + C, p-40-™ In p] 
+3 (A — Ao)? [Cy'p-40-™ + 2C; p40" Inp + Cy po" In? p] +... (4) 
By comparing coefficients in (4) and (3), we arrive at 
F[rs In r] = Cp" + Cy p-*-* In p, (5) 
Flr In? r] = Cypra® + 2Cip-4-* Inp + C,p“"Intp (6) 


and similar expressions for the higher orders. 
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In the neighborhood of the singular point AX = — nm — 2m we may 
write 
a ay 
r =Tpn pam TH +AA +4 + 2m) +..., (7) 


where 4@_,, @, a), ... are given by [see Chapter I, Section 4.6 and the 
comment following Eq. (3) of that section] 


§(2m)( 7) 


-1 = A¢n “(amyl a = 2,72", Sag Ie, cs (8) 


Q 


We take the Fourier transform of (7) term by term, which gives 


2, F827] 


A —-2m—n 
does Or) Oe rT a ae 


+ 2,(A + 2 4+ 2m) Flr?"-* In] +.... (9) 
On the other hand, in the neighborhood of this same point we may write 


(n+2m) 
Cip-** ——— or 7 oe af Cree + ieee ( “fe n + 2m) + | 


x [p?™ + (A 4+ 2 + 2m) p?"Inp +...] 


Pr aia 2m 


ma A+n +m + (oleae ge In p+ ¢{n-+2m) 2m) 


+ (A + 2 + 2m) (gin Hp?” In? p + ci"+2m)p2™ In p + cin+?™p?2m) +... (10) 
As before, we compare coefficients of (10) and (8), to obtain 


2, 
Tin) mn)! ~ FL82(7)] = —_ ean, 
2,F [r-2"—-"] = ein aay) pam In p = Gera, 


Q,F lr?" In r] _ 4 glut) te In? p+ Can pt In p+ ginttm) ya, (1 1) 


Here the c(%+2™), ¢in+2m) are the coefficients of the Laurent series 
for C, of Eq. (1) about A = — nm — 2m. 
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3.4. Fourier Transform of a Generalized Function with Bounded Support 


We wish to prove that the Fourier transform of any generalized 
function f with bounded support is a regular functional that corre- 
sponds to a function of o of the form 


(f(x), el 2.0), 


This expression is to be understood in the following way. By e*-” we 
mean any function g(x) in K which is equal to e**-*) on the support 
of f and vanishes outside a sufficiently large region; then the functional / 
is applied to this function to give 


CF, eo) = (f, pol(*))- 


The number obtained in this way is independent of what particular 
function we choose for g(x) so long as it has the above properties (see 
Appendix 1.3 to Chapter I). In order to prove our assertion we must 
verify that 


[F@), e#*) y(o) do = 2ny"(f, ¢) 


for any (x) in K with Fourier transform (c). But we know that 


(fe) = (fae | ee) ete ae), 


If we can now move the functional f under the integral sign, our assertion 
will be proven, for we will have 


I —i(a,x __ 1 f(v\ pila, 
(f, 9) = Gay | H) (f, eh) do = Gay | Me, ) h(a) do. (1) 
We must thus verify the validity of moving f into the integrand. 


We first show that this is a proper procedure if the integral is taken over 
a bounded region G, that is, that we may write 


(7, I. (oc) e7t(a,x) do) _ I. (co) J, e~to.2)) de: 


The integral over G is the limit of the Riemann sums 


N 
su(x) = DY) Wo) eH Aa, 


j=1 
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The sy({x) converge to the integral over G uniformly for every bounded 
region of the variable x, as do all their derivatives with respect to x. 
We can therefore transform them by the usual trick to functions in K 
(that is, by multiplying them by a fixed function in K which is equal to 
one in a neighborhood of the support f), obtaining a sequence converging 
in K. This means that 


(fs) = D>, Hos) (f, 0-82) Ao; 


converges to 
( f, i ; yb(o) e-#2-2) do). 


On the other hand, the (f, sy) are seen to be the Riemann sums for the 
function (of c) . 
Wo) (f, e**), 


which converge to the integral of this function. This establishes the 
validity of (1) for a bounded region G. 

Now the integral over the entire space is the limit of integrals over 
bounded regions: 


a) ets.2) dg = lim a) e~ 9-2) do, 
a lim [ Xo) 


lol<n 


The sequence of functions of x whose limit we are taking converges 
(namely, to the integral on the left) again uniformly together with all 
derivatives in every bounded region of the variable x, which means that 
by the familiar trick we may convert this to convergence in K. Com- 
bining these results we have 


(7, Se Yo) e~Hoy2) do) = lim (sf 


= jim | ve) (het) do = | Yo) (he t2)do, 
lol|<N R, 


(co) e7tlo,x) do) 


lol<Nn 


Now 


which completes the proof. 

As an example let us obtain the Fourier transform of the singular 
generalized function 6(r — a), which corresponds to a uniform mass 
distribution of unit density on the sphere U, of radius a centered at the 
origin. In other words, 


(8(r — a), 9) = | » M8) de. 
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Now 6(r — a) has bounded support, so that according to the preceding 
considerations its Fourier transform is 


F[S(r — a)] = (8(r — a), ef'#-9) = [tts de, 


In spherical coordinates (r = |x| =a, p= |o|, and 6 is the angle 
between the x and o vectors) this becomes 


F[8(r — a)] = I e'apcos? gn—1 sinn-2 9 dO dw 
a uaa 6 a [ e'tpcos® sinn-2 8 dQ, 
0 


where dw is the element of area on the unit (hyper) sphere in the (n — 1)- 
dimensional subspace orthogonal to p. 

It is known that the integral on the right-hand side can be expressed 
in terms of Bessel functions,? so that we obtain 


N_F[a(r —a)] = ar 2. _,(4p)- —3n dee 2) (4p) 5 
= Q, ate pit J 4n-2) (%). 


Here N,, is given by ae 


ry )rQ) 


For n= 2m + 3 odd, the Bessel functions can be written in terms of 
trigonometric functions [see Eq. (7’) of Section 2.5] : 


Jy(z) = /2 sin 2, 


Ingal®) = (Dm a™4(LZ)" (% 1). 


a 


Thus for 2 = 2m + 3 we have 
N,F[8(r — a)] 
ld 


= 2... a pA (—1ym (apyme (-F)" (= ya) (3) 


zap 


*Ryshik and Gradstein, “Tables,” p. 148, Eq. 3.227,3 (set x = cos 0). See also 
Whittaker and Watson, “Modern Analysis,”’ p. 366. 
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In particular for m = 0, and therefore for n = 3, this becomes 
N,F[8(r — a)] = 2nal p-4J,(ap) 


or 


Fie a) = 4g (4) 


It is known, on the other hand, that for any n = 2m + 3 the Bessel 
functions satisfy the formula? 


d \™ = 22 

(—-) [amd J in4i2)] = V2 J (2) = . ~ sin 2. (5) 
We may replace ap in Eq. (2) by z. Then it becomes 
Ny p22 FS — €)] = Qyg Tyneals) 28>, 


and we may use (5) to write 


7)" * FIs — a)] = 2-1 “ 2 ine 


zdaz 


Nn p™ ( 


Now returning to z = ap (and dz = pda), we have 


N ei LF — a) = 2 x 2 pitas: 
""\ada/ a TN a 
Now the Fourier transform operator acts on the x variables, while the 
differentiation acts on the a variables, so that we may write 


d 


ada 


( Z )" 5 FIB(, _a|=F ( )" = ar —a)}. 


ada 


We then arrive at the interesting result 


Td (ee 


3 Ryshik and Gradstein, ““Tables,” p. 326, Eq. 6.482,3. See also Whittaker and Watson, 
“Modern Analysis,” p. 360; 17.211 (use J_,(z) = (—)*J,(z)). 
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3.5. The Fourier Transform as the Limit of a Sequence of Functions 


The method described above also may be used to find the Fourier 
transforms of generalized functions without bounded support. 

Let f be any generalized function. As we have seen (Chapter I, 
Section 1.8), f can be written as the limit of a sequence of generalized 
functions f,, each of which has bounded support. The Fourier trans- 
forms of the f,, as we have proven, are functions g,(s). Since convergent 
sequences are carried into convergent sequences under Fourier trans- 
formation, the desired Fourier transform of f can be obtained as the 
limit (in the sense of convergence in Z’) of the sequence of the g,(s) as 
y—> ©, 

In particular, let f(x) be any ordinary function (which may increase 
arbitrarily rapidly). Its Fourier transform can be defined as the limit 
(in the sense of convergence in Z’) of the sequence of ordinary functions 


go) = [ f(x) et dx, (1) 
la|<a 

If f(x) increases no more rapidly than some power of its argument 
and therefore defines a functional on S, the integral of (1) converges to 
the Fourier transform of f(x) also in the sense of convergence in S’ 
[that is, when operating on any ¢(c)€S]. In particular, the g,(c) 
converge to a limit g(c) also when operating on infinitely differentiable 
functions with bounded support, or in K’. We have already discussed 

such phenomena in the examples of Chapter I, Section 2.5. 


4. Fourier Transforms and Differential Equations 


4.1. Introductory Remarks 


The Fourier transform in its classical form is one of the important 
tools used in solving differential equations and associated problems. 
But the applicability of Fourier transform methods is restricted essen- 
tially to functions which themselves, or whose powers, are integrable 
over the entire space (e.g., L1 or L?). The use of Fourier transforms 
in the complex domain has made it possible to include also exponentially 
increasing functions, but with the requirement that these functions 
vanish for negative values of their argument. We refer to the Laplace 
transform,! a modification of the Fourier transform. The two-sided 


1See, for example, H. S. Carslaw and J. C. Jaeger, “Operational Methods in Applied 
Mathematics.”” Oxford Univ. Press, London and New York, 1943. 
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Laplace integral, on which van der Pol’s celebrated book? is based, 
allows the inclusion of functions which increase exponentially as 
x—> + co and remain nonzero but must be exponentially damped for 
x <Q, which ensures the existence of a strip in the complex plane in 
which the Laplace transform exists. Another elegant method for develop- 
ing an operational calculus has been suggested by Mikusinski.? His 
method (as yet developed only for the case of a single variable) can be 
used to deal with functions which increase in an arbitrary way as 
x —> + © and vanish for negative x. 

The Fourier transform method for generalized functions as developed 
in the present book requires no assumptions concerning the growth 
of the functions treated, either as x — + © or as x » — ,and can be 
used for functions of any number of variables. It is thus evident that this 
method can be used to solve, in particular, all types of problems to which 
the classical Fourier transform, Laplace transform, and Mikusinski’s 
methods are applicable, as well as many other problems which will 
not yield to the earlier methods. _ 

We shall restrict our considerations in the present volume to some 
rather simple examples. 


4.2. The Iterated Laplace Equation 4”u = f 


This problem will be solved when we have obtained an elementary 
solution E and then form itsconvolution with f, namely u = f * E. An 
elementary solution, as we know, is a solution of the equation 


AE = 8(x). (1) 


Let us attempt to find such a solution in K’. Taking the Fourier trans- 
form of (1), we have 


(—lye"V = 1,  (? = 9, a7), (2) 


where V denotes the Fourier transform of EZ. The problem is now to 
solve Eq. (2). 

If 2m < n, we may take the (locally summable) function (— 1)™p-*™ 
as our solution. If, further, A = — 2m < 0 is not a pole of the analytic 
function p* (see Chapter I, Section 3.9, and recall that the poles 


2B. van der Pol and H. Bremmer, “Operational Calculus Based on the Two-Sided 
Laplace Integral.’”” Cambridge Univ. Press, London and New York, 1950. 
3 J. Mikusinski, ‘““Operational Calculus.” Pergamon, New York, 1959. 
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lie at AX = — n, — m — 2,...), the functional (— 1)” p-?” is a solution, 
as is seen by passing to the limit A—> — 2m in the equation p?"p4 = p*™+4, 
Finally, let A = — 2m be a pole of p+, which we expand in a Laurent 


series about this point, obtaining 


P= yh to tA + 2m) + on (3) 
where the a, are generalized functions (Chapter I, Section 4.6). 

We multiply this equation term by term by p?” and then go to the 
limit as 4» — 2m. As above, the left-hand side converges to unity. 
On the right-hand side all the terms higher than the second vanish in 
the limit, the second term p?”a, remains constant, and if we assume that 
p?"a_, #0, the first term increase without bound. But this would 
contradict the limit equation in which all the other terms are finite, so 
we conclude that p?”a_, = 0, and therefore that 


p?"ay = 1. 


Thus for this case the solution of Eq. (2) is (— 1)™a), where ag is 
the regular part of the Laurent series at A = — 2m.4 According to 
Eq. (2) of Section 3.3, the inverse Fourier transform and solution of 
(1) in the first and second cases is C,,,7?"—". In the third case, according 
to Eq. (5) of Section 3.3, the solution is 


Ay? In x + By?" 


For our purposes, however, the second term may be dropped, since it 
is annihilated by the operator 4”. Therefore collecting the results we 
have 

Crem" In 7, if 2m>n and n_ is even, 


E(x) = Cr2m—n otherwise. 


4.3. The Wave Equation in Space of Odd Dimension 


Particular solutions of the wave equation 
Ou Ou Ou 


a — Ga + + ya (1) 


4 This coefficient is the generalized function 2,r-"-*™ when operating on Sp(r) (see 
Chapter I, Section 4.6). In any case, its explicit expression is of no concern here. 
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are the running waves 
e~t[(o,x) pt) p — | Co | — Vo? + nae + ot, 


from which we can construct an arbitrary solution in the form 


u(x, t) = | ¥(c) e io,x)+ipt dg + ——— | (0) eilo.x)—ipt dg, 


ny " Te i 


The particular solution u(x, t) is determined by the initial conditions 
which we shall assume (cf. Chapter I, Section 5.4) to be 


u(x,0)=0, MB) _ say, (2) 


The first of these gives 
[ PP) + Y(0)] et) do = 0 
which is satisfied if ¥,(c) = — ¥4(c)= (21)! Yc), so that we may write 


u(x, t) = | Yc) e~*.2) sin pt do = F-{%o) sin pt]. (3) 


on 
(27)" 
The second of the initial conditions can now be written 


éu(x, 0) 
at =a" 


| Yo) e*9.2) 5 dg = 5(*«) 
or 


| Fp ¥(0)] = 8(2). 
Taking the Fourier transform we have 
pc) = (x) = 1 
so that, according to (3), 


u(x,t) = Fo} [=]. 


But we have already encountered the inverse Fourier transform of 
sin (pt)/p. According to Eq. (6) of Section 3.4 for m = 2m + 3 we have 


ga Se) ae ee ee 
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From this we may obtain the solution of the Cauchy problem with the 
initial condition éu (x, 0)/et = f(x). This is 


Hest) = 5M (EYE ope 


a Ny (4 \™ 9 
= VS (ag) term 
where M,[f] is the mean value of f(x — &) in the closed ball | €| <¢. 


In particular, for m = 0 and consequently n = 3, we have 


u(x,t) = tM [f]. 


The usual method of descent can be used to solve the wave equation 
in a space of even dimension.® 


4.4. The Relation between the Elementary Solution of an 
Equation and the Corresponding Cauchy Problem 


An elementary solution of the equation 


Ou .@ 

a — Pligg) * =F 0 
is by definition a generalized function E(x, t) in K’ which satisfies the 
equation oe ; 

(x, t , 
“ )_p (i “| E(x, t) = 8(x, t). (2) 


The elementary solution of Cauchy’s problem for the equation 


Gu(x, t) 
ot 


— P(i 2) u(x,t) = 0 (3) 


is a generalized function u(x, t) in K’, depending on t as a parameter and 
defined for t > 0, which satisfies Eq. (2) and is equal to 8(x) at ¢ = 0. 
If u(x, t) is known, E(x, t) can be found. Indeed, we assert the following: 


Theorem. Let u(x, t) be the elementary solution of Cauchy’s problem 
for Eq. (3). Let ; : , 
__ or t<Q,. 
PASO te d\ tony FO: (4) 
Then E(x, t) is an elementary solution of Eq. (1). 


5R. Courant and D. Hilbert, ““Methods of Mathematical Physics,” Vol. II, p. 686. 
Interscience, New York, 1962. 
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Proof. The definition in Eq. (4) requires some additional explanations 
for t > 0. We wish, in fact, to define a generalized function acting on 
test functions of x and t, while u(x, t) is a generalized function acting 
on test functions of x and depends on t only as a parameter. To make the 
definition complete, let (x, t) be a test function of x and ¢, and then 
u(x, t) will be defined by 


(u(y #), #9) = J (ule 8, oC #) a 


In the integrand, u(x, t) is applied for fixed ¢ to the function ¢(x, t) which 
is treated as a function of x only with t fixed. The result is then a function 
of t with bounded support, and the integration over ¢ can be performed. 

We now show that the generalized function E(x, t) is indeed a solution 
of (2). It is sufficient to show that it satisfies the dual equation [obtained 
from (2) by taking the Fourier transform in x and ¢]. Let x, (with: = 1, 
..., m) be associated through the Fourier transform with o,, and let ¢ 
be associated with o,. Then the dual equation may be written 


[—toy — P(o)] V(e, oo) = 1. (5) 


Now let us take the Fourier transform of E(x, t) as defined by (4), 
but at first only in the x variables, with fixed t. We shall call this prelimin- 
ary Fourier transform v(o, t). According to (3) we have 


v(o,t)=0 (t<0), 
v(o,0) =1 (t =0), (6) 
x ua, t) — P(c) v(c, t) = 0 (¢ > 0). 
The derivative with respect to t in the classical sense can be replaced by 
the derivative in the sense of generalized functions if we take account of 


the discontinuity in v(o, #) at t = 0 (Chapter I, Section 2.2, Example 2). 
In this way we can replace Eq. (6) by 


O 
Fy Ut) — P(e) v(e, t) — 8(c) = 0, 


where 0/0t now operates in the sense of generalized functions on v(o, f). 
Proceeding to the Fourier transform in t, we arrive at 


—to, V(e, o,) — P(e) V(oe, o9) = 1, 


which is what we wished to prove. 
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4.5. Classical Operational Calculus 


In the classical operational calculus one considers differential 
equations and systems of differential equations of the form 


a J P (2) u(x, t) 
for ¢ > 0 with some initial condition at t=0 and some boundary condi- 
tions for certain values of x. The Laplace transform in ¢t is applied to 
reduce the problem to a differential equation in x alone (or to an algebraic 
problem if the initial equation is an ordinary differential equation). 
Let us consider such problems from the point of view of generalized 
functions. Let U(x, t) be a generalized function in t which depends on 
x as a parameter, equal to u(x, t) for t > 0 and to zero for t < 0. Now 
at t = 0 this function is discontinuous, undergoing a change from zero 
to the value u(x, 0) given by the initial condition. Thus we may write 


OU(x,t)  Ou(x, t) 
Ct =——‘é AE! 


+. u(x, 0) 8(2). 


Consequently U(x, t) satisfies the (system of) equations 


U(x, t) 
at 


=P (2) U(x, t) + u(x, 0) 8(2). (1) 


Taking the Fourier transform in ¢ and calling the variable associated 
with it p = p, + ip,, we obtain 


—ipV(x, p) = P(E) V(e p) + u(x, 0) +1. (2) 


For a well-posed problem this equation with the given boundary condi- 
tions in x has a unique solution V(x, p) which is an analytic function of p 
(in the case of an ordinary differential equation, it is even a rational 
function of p) which may have singularities (and perhaps be multiple- 
valued). Having found V(x, p), we can construct a family of analytic 
functionals of the form 


(V4) = V(x, p) We) dp, (3) 


where I" is any fixed contour that avoids the singularities of V(x, p) 
and is equivalent to the real axis; this latter conditions means by definition 
that 


[ voras=[° We) do 
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for any ¢(s) in Z. In particular, [’ may be any straight line parallel to 
the real s axis and avoiding all the singularities of V(x, p). 

Each such functional is a solution of Eq. (2), and the inverse Fourier 
transform of such a functional is a solution of (1). But such a solution 
will not in general vanish for t < 0. 

To find an analytic functional of the form of (3) whose Fourier trans- 
form will vanish for t < 0 is in general quite difficult. We may, however, 
assert the following: 


Theorem. Assume that V(x, p) has the following special properties: 


(a) V(x, p) has no singularities above some straight line whose 
equation is Im p = fp; 

(b) There exists an integrable majorant W(p,) for V(x, p) in this 
region: 


Me aI< We), [Wed <@. 


Then the analytic functional 


wag 


VW =[ "Ven pwod  (%>29 


is the Fourier transform of a generalized (even ordinary) function u(x, t) 
which vanishes for t < 0 and satisfies the (system of) Eqs. (1). 


Proof. The conditions of this theorem are the usual conditions for the 
existence of the inverse Laplace transform of a function. The Fourier 
transform of V can be written, according to Eq. (2) of Section 2.6, 


DW+t De ; 
V(x, p) e~*?* dp. 


—Otipos 


u(x,t) = = | 


The fact that u(x, t) vanishes for t < 0 is implied by the inequality 
[ule t)| <p emt [ Wp) dp 
’ = In = 1 ly 


in which we allow p, to approach + ». 
Let us consider further, any function V,(x, p) that can be written 
in the form 


V(x, p) = O(P) V(x, P), (4) 
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where V(x, p) has the properties described above, and Q() is some poly- 
nomial. The inverse Fourier transform of (4) is 


u(x,t) =O (:4) u(x, t), 


where u,(x, t) and u(x, t) are the inverse Fourier transforms of V,(x, p) 
and V(x, p). We see that for this case also V,(x, p) is the Fourier transform 
of a functional with support on the semiaxis t > 0. 


CHAPTER Iil 


PARTICULAR TYPES 
OF GENERALIZED FUNCTIONS 


1. Generalized Functions Concentrated on Smooth Manifolds 
of Lower Dimension 


The simplest example of a generalized function concentrated on a 
manifold of dimension less than n is one defined by 


(f.9) = |. fle) 9x) do, (1) 


where S is the given manifold, do is the induced measure, or Euclidean 
element of area on S, f(x) is a fixed function, and ¢(x) is any function in 
K.1 A somewhat more complicated example is obtained by replacing 
the integrand by some differential expression in (x). 

In this section we shall define and study important functionals 
concentrated on manifolds of dimension less than m imbedded in an 
n-dimensional space. We have seen for the case of m= 1 that 
functionals concentrated on a point are the delta function and its deriva- 
tives. Moreover, it shall be proven in the second volume that every 
functional concentrated on a point is a linear combination of the delta 
function and its derivatives. For n > 1, when S is (n — 1)-dimensional 
(we shall call such S hypersurfaces or simply surfaces) and is given by 
an equation of the form 


P(x, «1 Xn) = 0, (2) 


we will find that an analogous role is played by generalized functions 
which we shall call 8(P), 8’(P), etc. It is with these that we shall be 
essentially concerned. 


1 In this chapter we shall assume all our test functions to be infinitely differentiable 
and of bounded support, i.e., in K. 
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If P = x,, that is, if S is the hyperplane x, = 0, we naturally put? 
(8(o), o2)) = | 8%) o(x) dx 
a | i 8(2¢,) @(Xpy «+9 Xp) dx,| dx»... AX 
= | 20, Nis eng: My) Ne tis ON ps 


In other words, it is natural to define the generalized function 8(x,) by 
the equation® 


J Sx) gla) die = | (0, Hay 0-5 Hn) dite... ty (3) 
For the same reason, we shall define 8(x,) by 
[ 8(,) g(x) dx = (—1) | p!P(O, ay --) #,) diy... de, (4) 


Now let P(x, ..., %,) be any sufficiently smooth function such that 
on P = 0 we have 
grad P + 0 (5) 


(which means that there are no singular points on P = 0). Then the 
generalized function 6(P) can be defined in the following way. 

In a sufficiently small neighborhood U of any point of the P=0 
hypersurface we can introduce a new coordinate system such that 
P = 0 becomes one of the coordinate hypersurfaces. For this purpose 
we write P = u, and choose the remaining u, coordinates (with : = 2, 
..., n) arbitrarily except that the Jacobian of the x, with respect to the u,, 
which we shall denote by D(Z), fail to vanish (which is always possible 
so long as grad P 4 0 on P = 0). We may assume without loss of gener- 
ality that y(x) is nonzero only in U.‘ In the “integral” [ 5(P)p dx whose 
definition we are trying to establish, we make a change of variables 
according to 


[ 80P) oe) dx = [ 8(P) e(u) D(*) du = | 8(4,) ou) de, 


2? We make use of the notational convention of Chapter I, Section 1.3. 

® This definition means that 8(x,) is the direct product 5(x,) x 1(%g, ..., %,), where 
8(x,) is the delta function on the x, line, and 1(xg, ..., x,) is the function identically equal 
to unity (see Chapter I, Section 5.1). 

“See Appendix 1.2 to Chapter I. 
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where 
Pr(Mry «+> Un) = (My -+-) Xp) and b = (4) D(*). (6) 


We thus see that the generalized function 6(P) is to be defined by 
(3(P), p) = | 8(P) p dx = | YO, way, thy) dy». dt, (7) 


This last integral, as is seen, is taken over the P = O surface, which is 
why 6(P) is said to be concentrated on this surface. 
Similarly, we shall put 


(8(P), ») = [ 8(P)@ dx 
= (=1)E [ P(0, ty, ney ty) dy oe diy, (8) 


where (wu) is the function defined in (6), and the integral on the right- 
hand side is again taken over the P = 0 surface. 

In order for this equation to be consistent, all we need require is that 
P(x) have continuous derivatives up to and including the (Rk + 1)st. 

At first it would seem that the definitions in (6) and (7) depend on 
the choice of the coordinate system. In fact this is not so, however, and 
we may show that the generalized functions 6(P), 6’(P), and derivatives 
of higher order are uniquely determined by P. It is, in fact, most con- 
venient to define them in an invariant way, independent of the choice 
of u,; we shall do this by introducing considerations from the theory 
of what are called differential forms. The reader wishing to avoid this 
theory may skip over to the resulting formulas we shall derive and list 
below. The techniques of differential forms are, however, extremely 
helpful, and we shall make systematic use of them in this section. The 
necessary minimum of information concerning differential forms will be 
dealt with in Section 1.1. 

We may return to the initial coordinates in the integrand of (7), 
which will then contain linear combinations of g(x) and its derivatives 
with x-dependent coefficients. We shall show in Section 1.7 that any 
functional f of the form 

Git---tie ox) i 


’ =— G;,...3 (4) — — F - 9 
U9) sees i aed) Oxi... Oxin (9) 


can be expressed in terms of 6(P) and its derivatives by 


(fo) = > | (x) 8(P) @ ax. (10) 


j=0 
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Equation (10) contains only k + 1 derivatives, though (9) contains in 
general many more. Further, (10) has the additional advantage that it is 
unique: if f = 0, then 5,(x) = 0 for each j = 0, ..., k, which cannot be 
said of the a; __; (+). 

Now we shall present a list of the formulas that will be proven later. 
In these formulas P is assumed smoother than above, but in order not 
to go into irrelevancies at this point, let us simply assume P to be 
infinitely differentiable. 

Let @(P) be the characteristic function of the region P > 0: 


0 for P <0, 
Key F for P>O, 
((P),¢) = | ox) de. (11) 
Then it follows that 
6'(P) = &(P), (12) 


which is understood in the sense that 


OP) oP 
as, Oe, AP (12’) 


Further, a similar “chain rule” applies to differentiation of 5‘)(P) 


st P) = oa SP), kk =0,1,2,... (13) 


x5 


zee 
Ox; 


We shall also establish the following identities relating 6(P) to its 
derivatives: 


P3(P) = 0, (14) 

P8'(P) + &(P) = 0, (15) 
P8"(P) + 28'(P) = 0, (16) 
PSP) + kS*-1(P) = 0, (17) 


For two surfaces P = 0 and Q = 0 (where Q is a function with the 
same properties as P) that do not intersect, we have 


(PQ) = P-18(Q) + Q-*8(P). (18) 
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In particular, if a(x) is a function nowhere equal to zero, we have 
d(aP) = a“ 8(P). (19) 
From this we may derive 
8) (aP) = am *+N§(e)( P). (20) 


The above applies to functions concentrated on a hypersurface, or an 
(n — 1)-dimensional manifold in an n-dimensional space. Assume now 
that S is a manifold of lower dimension given by the equations 


P (#4, --:) %) = 0, «.., Py(%,, ---) %q) = 0 , (21) 


where the P; are sufficiently smooth functions. Let the P,(x) = 0 sur- 
faces for : = 1, ..., k form a lattice such that in the neighborhood of 
every point of S we may take the P,(x) to be the first k coordinates u,, 
..» U3 let the remaining coordinates u;,,,, ..., u, be chosen arbitrarily 
except that the Jacobian D(Z) fail to vanish. Then we can define a gener- 
alized function 8(P,, ..., P;,) and its derivatives 


0m3(P,, ..., P,) 
Pa ... @P% 


in analogy with what we have done above. Specifically, if we wish to 
satisfy the identity 


J 8(P,, ..., Py) p dx = | 8(044, ---, Uz) @4(2) D(*) du 


= [ 8, wiry Up) Y(Uy, «02, Un) Au, ... Ay, 
where 


piv) =9#) and fu) = (x) D(*), (22) 


we put 


f 8(P,, ..., P;,) pdx = | Y(O, 12.0, Ups oeey My) Ugg «+. dy (23) 


Similar motivation leads to 


[Cw Pa) 2) dx = (—1)trtet% 


OPH ... OP%* 
OX +--+ % ¥(0, seas Ussyy oy Un) 
y Senn 0. aaa duy, 4 wd du,, - (24) 
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In Section 1.9 we shall show that these definitions are independent 
of the choice of coordinate system. We shall find the following identities 
to hold: 


6 _  O8(P,, ..., P,) OP, 
Ox. d(Pi, ’ P,) a= 2 oP, Ox; (25) 
(the ‘“‘chain rule’); 
PAP), ..., P,) =0, (26) 
P,P, 8(P,, .... P,) = 0, (27) 
P,P, ... P,8(P,, ..., P,) = 0, (28) 


and additional identities obtained by formal differentiation of the above. 


1.1. Introductory Remarks on Differential Forms® 


A differential form of kth degree on an n-dimensional manifold with 
coordinates x,, ..., x, is an expression of the form 


> Oj ige-i,(%) AX;, «.. AX, 


where the sum is taken over all possible combinations of k indices. The 
coefficients a; |, ;,(x) are assumed to be infinitely differentiable functions 
of the coordinates. Two forms of degree k are considered equal if they 
are transformed into each other when products of differentials are trans- 
posed according to the anticommutation rule 


dx, dx, = —dx, dx, (1) 


and all similar terms are collected. 

This rule implies, among other things, that if aterm in a differential 
form has two differentials with the same index, it must vanish. It can 
be used also to put any differential form into “canonical form,” in which 
the indices in each term appear in increasing order. 


5 We shall have no need for the theory of differential forms in its greatest generality, 
and therefore in the interests of clarity we shall simplify wherever possible. The reader 
desiring a deeper understanding of the considerations touched on in this section may turn 
for instance, to P. K. Rashevskii, ‘“Geometrical Theory of Partial Differential Equations” 
(in Russian). Gostekhizdat, 1947; or to J. de Rham, ‘“‘Variétés Différentiables. Formes, 
Courants, Formes Harmoniques.”” Hermann, Paris, 1955. 
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We shall say that a differential form has bounded support if all of 
its coefficients are functions with bounded supports. 

The exterior product of two forms La; _, ;(x) dx; ... dx, and 
Xb; |. ;,,(*) dx; ... dx; is the form of degree k + m obtained by 
formal aigebiaie multiplication of the original two forms. The result of 
such multiplication can in general be further simplified by using Eq. (1) 
to put it in canonical form.® 

This definition of multiplication implies that the anticommutation 
rule will hold for any differential forms of first degree. Indeed, let 
a = La,(x)dx, and 8 = Lb,(x)dx,; then 


a8 = >) a(x) by(x) dx; dx, = — >) a(x) by(x) dx, dx; = —Bo. 
ask jk 


Let us find how differential forms transform under an infinitely 
differentiable change of coordinates given by x, = x,(x1, ..., x,). We 
have 


aes) 
wi 
dx, = > de’ 
mi ox’ 3 
j=1 j 
and 
: 5 Ox; Ox, de’ dy’ 
Bigeeet, Oi, ‘= bs Gist, Ox’ Ox’ Ky sa 
tj<...<t, tps. <td, 2 fy Ik 


In the sum we have obtained, terms in which the same differential 
occurs twice will vanish. Different terms containing the same combina- 
tion of differentials can be combined using the anticommutation rule, 
which holds also for the dx;. Then it is easily establish that for j, <j, ... 
< jy, the coefficient of dx; | dx; is multiplied by the Jacobian 


Hj, Hi, + Xs, 
D . 
x x x! 

Fy dg Ik 


We thus arrive at 


Gy ++i, AK; Ni = a, jn ax, , (2) 
or < fy Sean <Iy 
where 
, t t 
a= DE ie. a (3) 
Ts+-Ik ; ; Mi eee; Iss? k, 
ty <tg <i... <ty rel Iz 


® We are, of course, assuming that the coefficients commute with each other and with 
the differentials. 
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In particular, a form of degree m, which can always be reduced to 
a single term, has the property that 
a dx, ... dX, = aD(") oe 2) dx’ ...dx!. (4) 
ae 
Note now that this is the formula which describes the transformation 
of an integrand under a change of independent variables in a multiple 
integral. For this reason the techniques of differential forms can be used 
when performing such a change of variables. For instance, for the case 
of.a double integral, writing x = (uw, v) and y = ¢(u, v), we have 


dx = 9, du + ,, dv; dy = 4, du + y, dv, 


dx dy = (9,4, — 9,up,) du dv. 


The exterior derivative of a differential form 


a= => Oy ,--01, UN, --. AN, 


is defined as the (k + 1)st degree differential form 


da = > (25 - Fu, a) be, ax; , (5) 


dere 


which, of course, can be simplified by using the anticommutation rule (1). 

For instance, the exterior derivative of a form of degree zero, which 
is understood as a scalar function a(x), is essentially the ordinary deriva- 
tive, in fact is the first degree form L(0a/0x,) dx,; the coefficients of this 
form represent the gradient of a(x). The exterior derivative of the first 
degree form La,x)dx, is the second degree form 


> ( 7 mar) a a 


t<j 


(if we associate with the coefficients of the first order form the vector 
a = {a,}, those of the exterior derivative will be associated with the 
curl of a). The derivative of the (n — 1)st degree form 


>. a,(x) dx, ... Ax;_1 dx5,1 -.. UX, 


is the mth degree form 


(tye 202 a de 
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It is easily shown that according to the anticommutation rule (1), 
any differential form « satisfies the equation 


dda =0. (6) 


Let us now turn to integration of differential forms over regions and 
manifolds. 

Let us start by assuming that the mth degree form « = a(x)dx, ... dx, 
is integrated over an n-dimensional region G of R, in the usual way 
according to the usual rules of multiple integration. 

We wish now to define the integral of a form of degree k over a 
k-dimensional manifold. Before proceeding we make some remarks 
about orientations of regions and manifolds. 

Let V be a neighborhood (of arbitrary dimension m) in which we are 
given a local coordinate system 4, ..., u,,. We shall say that this coordin- 
ate system defines the orientation of the neighborhood V. The same 
orientation is defined by any other local coordinate system %, ..., Um 
so long as the transformation from the wu, to the v, has positive Jacobian. 
It is possible, in addition, to give V the opposite orientation. This is 
defined by any local coordinate system w, ..., w,,, such that the trans- 
formation from the u,; to the w, has a negative Jacobian. 

A region or manifold I (of m dimensions) is called orientable if in the 
neighborhood of every point of I it is possible to define the orientation 
consistently, that is so that the coordinates in intersecting neighborhoods 
define in the intersection the same orientation. We shall not concern 
ourselves with nonorientable manifolds (for instance, the Mobius strip). 

Let U be an m-dimensional neighborhood contained in an (m + 1)- 
dimensional neighborhood V, and let U divide V into two parts one of 
which we shall call the :mterzor, and the other the exterior. Assume that 
the coordinate system w,, ..., w,, defined in U can be extended to a 
coordinate system w,, #4, ..., &,, in V. Then we shall agree to say that 
the resulting orientation of V corresponds to the positive direction of 
the normal if w, increases in the exterior of U; in the opposite case we 
shall say that the orientation of V corresponds to the negative direction 
of the normal. 

We shall now proceed to define the integral of a kth degree differential 
form a over a k-dimensional (for k < m) orientable manifold I’. We 
shall assume this manifold closed, bounded, and sufficiently smooth. 
We break up I’ into the submanifolds I, ..., [™, in each of which we 
can introduce a local coordinate system; we introduce such systems 
consistently, thereby choosing the orientation of I. We now express 
a in each of the I in the coordinate system 4, ..., 4, chosen locally. 
If « was defined on an n-dimensional region containing I, the local 
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coordinates u,, ..., u, should be chosen so that n — k of them, for 
instance u,41, ...) M,, vanish on I’. Then du,,, = 0, .... du, =O on I 
so that a becomes 


a = a(uy, ..., Uy) du, ... dy. 


We now integrate a in the usual way over each of the I“ and add up 
the results. It is not difficult to see that the integral J_« so defined is 
independent of the way I" is broken up into manifolds and of the choice 
of local coordinates in each of these, assuming the orientation to be fixed. 
One need only recall that on transforming to some new coordinates 
Uy, ».., uy, the differential form becomes 


OX = A(Uy (ty, ..-) Uy)y <oey Uz (Uyy -»5 ux))D(") o) du; ... dui,. 
1 ees 


If, however, we transform to local coordinates corresponding to the 
opposite orientation in each of the I, our integral f_« will change 


a Pe “ ‘ ‘< u wh s 
sign, since in this case the Jacobian p( 1 becomes negative. 

1 +++ 4x 
Thus J « is defined uniquely up to sign, and the sign in turn is 


defined by the orientation of I. 


THE Gauss-OSTROGRADSKII FORMULA (Gauss’ ‘THEOREM) 


Let a be a differential form of degree n — | defined on some bounded 
n-dimensional region G with a piecewise smooth boundary I’. We assume 
an orientation of G corresponding to the positive direction of the normal 
to I’. By dx we shall denote, as above, the exterior derivative of a. Then 


[ aa= Joa, (7) 


which is called the Gauss-Ostrogradski formula. If the orientation of G 
corresponds to the negative direction of the normal, one of the integrals 
must be multiplied by minus one. 

As an example, consider a second degree form « in three dimensions. 
In terms of x,, x», x, this differential form may be written 


a = A, dx_ dx, + dy dxg dx, + ag dx, dx,, 
and its exterior derivative is 


0a, 
Ox, 


0a, Oa 
Ox, ' Ox Fae) aha Gas 


+ 


da = ( 
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so that the Gauss-Ostrogradskii formula becomes 


| [ay dity dity + cg divy div, + ay de, dx) 
: 


os 0a, Oa, Od 
aa (on Ox, He 0x5 dears (18) 


in which form it is usually given in courses on analysis. 
A generalization of this formula is Stokes’ theorem.’ This theorem 
can be written in the same form, namely 


ic da = is a, 


except that now G is a k-dimensional bounded region (with k < n), 
while « is a differential form of degree k — 1. As before we assume the 
orientation of G to correspond to the positive direction of the normal 
of its boundary I. 

As an example, we present the classical form of Stokes’ theorem. 
In three-dimensions and the coordinates x,, %, %3, a first degree differen- 
tial form a may be written 


a = @, dx, + a, dx, + dg dxq, 


and its exterior derivative in the form 


__ [{ Ode Oa, 0ag 0a, 
ae (ae Ox ) de, dx + Es > Far) Ae de 
Oa, Cay 
( Ox, Ox se a 


Then Stokes’ theorem becomes 


J cat — ag) 24% + (Gat — pat) a 


Oa, Od _ 
as ( OX, ~ Ox, dts dx,| = i [a, dx, + a, dx, + ag dxs], (9) 


where G is a two-dimensional bounded region and I is the curve 
bounding it. 


7 See J. de Rahm, loc. cit., who gives this formulain terms very similar to those used here. 
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1.2. The Form w 


Consider a hypersurface S given by P(x,, %2, ..., %,) = 0, where P 
is an infinitely differentiable function such that grad P = {@P/0x,, ..., 
0P/0x,} does not vanish on S (which therefore has no singular points). 
We wish to turn our attention in this section to a certain particular 
differential form w of degree m — 1, which will be important in what 
follows. This form is intimately related to the P = O surface, or more 
accurately is uniquely determined by P on the P = 0 surface. 

The form is defined by 


dP -w = do, (1) 


where dv = dx = dx, ... dx,, and dP is the differential of P. 

Before proceeding let us convince ourselves that under the above 
assumptions w does in fact exist in some n-dimensional region con- 
taining S. 

By assumption, in the neighborhood of any point of the surface we 
can introduce a local coordinate system u,, ..., vu, such that one of the 
coordinates, say u;, is P(x), and such that the transformation from the 
x, to the u; (with: = |, ..., m) is given by infinitely differentiable func- 
tions with positive Jacobian D(%). In this coordinate system we may 
write dv = D(?)du, ... du;_,dP du;,,... du,, and therefore we may set 


w = (—1) D(*) du, ... du;_, duj,,... dy. (2) 


Thus w is seen to exist. 
If, in particular, in the neighborhood of the given point @P/éx; ~ 0, 
we may take the uw, coordinates to be 


i Sy ct Me Mh a ee 


of) = PC) = area 


and the differential form w defined by (2) becomes 


Then 


: ee dx; ax; .. AX. 
Sf yet Se i Ee on 


Let us now study the umiqueness of w. In general Eq. {1) does not 
specify w uniquely, for it is clear that if w satisfies (1), so does w + y 
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where y is any differential form ‘orthogonal’ to dP, that is, any form 
such that dP - y = 0. Now it can be shown that any differential form y 
of degree n — | orthogonal to dP can be written 


y=adP, 


where a is some differential form of degree m — 2. Indeed, in the coordi- 
nates u, = P, ug, ..., u, we may write y (or for that matter any other 
form of degree nm — 1) in the form 


y = 2, dug... du, + 8, dP dug... dun, + ... + 2, dP dug... duy_y, 


where the g, are functions of the coordinates. Then dP - y = 0 implies 
that g, = 0. Factoring out the dP from the remaining terms, we obtain 
the desired result. 

Note (we shall make use of this somewhat later) that if y has bounded 
support, so does a. 

From the above result it follows, in particular, that on S itself y 
vanishes identically (since dP = 0) so that on the P = 0 surface the 
differential form y is uniquely determined by P. 

Let us establish the geometrical meaning of w. Consider the surfaces 
S and S,, the first of which is defined, as before, by P = 0, and the 
second of which is defined by P = h for some small h (Fig. 6). Con- 


Fic. 6, 


sider an element of area do on S and transfer it to S, along the coordi- 
nate lines u,, ..., Uj, Uj41) ---) Up. We have then traced out the figure 
IT whose volume we shall call dv. Then by definition w is the ratio of 
dv to dP = h. Thus, w 1s the rate of change of the element of volume dv 
uith respect to P. 
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This model serves to explain the invariance of this differential form 
won S. If, in fact, we replace the wy, ..., 4j_1, Ujyiy +++) Mp, Coordinates by 
new ones, we merely change the inclination of JZ with respect to S. 
Nervertheless its base and its height do not change, since the first is 
compensated for by the Jacobian and the second is determined by the 
distance to S,; therefore the volume does not change, and nor does 
w = dv/dP. 

Consequently w does not depend on the choice of the w,, ..., 4;_,, 
Uj43) +++) Uy, coordinates. 

However, w does of course depend on the function P by which we 
represent S through the equation P = 0. Let us see how w changes if 
the equation P = Qis replaced by P, = «P = 0 with some nonvanishing 
function a(x). At S we have the equation dP, = adP, from which it 
follows that the new differential form is given by 


do 
aP, 


1 
wo, = = -w. 
a 


Note also that if P(x) is the Euclidean distance of x from the P = 0 
surface (or differs from it by a quantity of higher order), the differential 
form w on S coincides with the Euclidean element of area do on S. 


1.3. The Generalized Function 8(P) 


We now proceed to the fundamental definition. With every g(x) in 
K we associate the number 


im P(%) w. 


This will clearly give a continuous linear functional on K. We shall 
denote this functional by 6(P), i.e., we shall write 


((P).) = fP)edx =] oe)e. (1) 


From the above it follows that 6(P) is independent of the choice 
of the differential form w, depending only on P(x). 

To check that this definition agrees with that at the beginning of the 
chapter, we need note only that according to Eq. (2) of Section 1.2, in 
the coordinate system u, = P, ug, ..., u, we have 


w= D(*) duy ... Aly. 
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Example 1. Let us return first to the generalized function 6(x,) 
from which we started the general discussion of 6(P). The equation 
x, = 0 defines one of the coordinate hypersurfaces. For this case we 


may write 
QoQ = dX, aan AXny 
so that 


| 8(5) p(x) dx = (8(x,), ~) = | GO, 2p) --+5 Xp) dity 2. Ape (2) 


Example 2. Consider the generalized function 6(a,%, + ... + a,*,), 
where Lo? = 1. The equation 


O4X, +... + A,X, = 0 


determines a hypersurface which passes through the origin and is ortho- 
gonal to the unit vector «. In terms of the coordinates 


Uy = ON +... te nX ny Ug, ---y Uy 


which we choose so as to make the transformation matrix orthogonal 
(so that we obtain a rotation), w can be written du, ... du,. We thus arrive 
at 


(lat, + + etn @) =f odige din =| edo, (3) 


La, 7=0 


where dois the Euclidean element of areaonthe hypersurface a,x, = 0. 


Example 3. Consider the generalized function 6(xy — c) in two dimen- 
sions. The equation xy — c = 0 defines a hyperbola.® Using the 
coordinates u, = x, ug = xy — c, we find from Eq. (3) of Section 1.2 
that w = — (1/x)dx, so that 
c \ dx 
jf. @ 


(Slay — ¢), we ¥)) = | Hay — ) ox, 9) dx dy = — f o(x 2) 5 


Example 4. Consider the generalized function 6(r — c), where 
r? = Yxi, and c > 0. The equation r — c = 0 defines the sphere O, 
of radius c. Since P = r — c is the Euclidean distance from the surface 
of the sphere, at r = c the differential form w coincides with the Eucli- 
dean element of area dO, on the sphere, so that we have® 


(r — 9) = fr —edx=J  9d0,, (5) 


8 We assume that c ~ 0. For a discussion of the case c = 0, see Section 4.5. 
® See Example 4 in Section 1.5. 
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which means that 8(r — c) may be characterized as the functional 
corresponding to a uniform mass distribution of unit density over the 
surface of the sphere of radius r = c. 

The same sphere of radius ¢ is given by the equation r? — c? = 0. 


Let us find also 6(r? — c?). We write u, = r? — c*, ug = 4), ..., un = 


6,-1, Where @,, ..., 0,_, are the same angles as those used in ordinary 
spherical coordinates. We then have 
l 1 
w = 540, = 5-40, 
so that 
(0? — 2), 9) = [ 80? A) pdx =7[ odo 6) 
: 2¢ O, > 


The generalized function 6(P) arises quite naturally on differentiating 
the characteristic function @(P) for the region P > 0, namely, the 
function equal to unity for P(x) > 0, and to zero for P(x) < 0, so that 


(Pe) =| ox) dx. 


Fal 


We thus assert that 


a(P) = &(P), (7) 

in the sense that for each j = I, 2, ..., n 
BaP)  aP 
ae = ap, 8P 7) 


To prove (7) let us verify first that for fixed j the functionals on the 
right and left-hand sides of (7’) coincide in the neighborhood of any 
point of P = 0 at which @P/éx; ~ 0 (off this surface both functionals 
vanish). For this purpose we operate with both sides on some ¢(x) in 
K with support in a small neighborhood of such a point. 

The left-hand side becomes 


(Fe?) = — OPE) = - J a 


P>1 Ox; 


and the right-hand side becomes 


(5, 8h) = 0.59) = Jae 


Let us first assume that P > 0 defines a bounded region. Then we may 
apply the Gauss-Ostrogradskii formula to the integral over this region 
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and to the differential form of degree n — 1 in the integrand. We shall 
include P itself among the coordinates, and then using the fact that it 
increases into the interior of the region, we obtain 


[aa wo=—| id (ae? «), 


Now we have assumed ¢(x) to be nonzero only in a small neighborhood 
of some point of the P = 0 surface, so we may use the local coordinates 
u, = x, fori #~j7, and u; = P. As before, we obtain 


+ Axj_1 Ax 541 ... Xp 


_ yy? 
en a OP/ dx; 


so that 
eP . F 
d C oe wo) = (HIP (g dary. dity y diz. dety) = dx, ... Xp. 


Of course outside the region of interest this equation 
d C oP w) Bae 


remains valid, since there g(x) = 0. We thus arrive at 


oP Op 
— ——— dx. 
J pao OX; sid J P>0 Ox; 


The left-hand side of this equation is (6(P) @P/éx,, p), while the right- 
hand side is (@0(P)/@x;, y), so that (7’) is established for the case we have 
been considering. 

If P > 0 does not define a bounded region, we replace it by its inter- 
section Gp with a sufficiently large ball |x| << R outside of which 
g(x) is known to vanish. Let Ip be the boundary of Gp, so that the 
Gauss-Ostrogradskii formula gives 


Op 
= =—| Die. 
rR im? GR Ox; 
Now since g(x) vanishes outside of | x | < R, we arrive at 


gw 
=0 OX; P>0 Ox; 


i_ ii oa 


’ 


which completes the first part of our proof. 
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Now let x be any point of the P = 0 surface. In its neighborhood 
we construct a new coordinate system £; = Yaj,x, (7 = 1, 2, ..., m) 
such that 0P/@€, ~ 0 for all 7. Then according to the above theorem, in 
the neighborhood of this point and for each j we have 


@0(P) _ aP 
o&; (OE; 


It is true, on the other hand, that 


ag, 2 a 
i =23 x, 6 Die BE 


3 3 


6(P). (8) 


If we now multiply (8) by a, and sum over j, we find that in the neigh- 
borhood of this point 


A = Dan Ge = an Ge AP) = F alP). 


Thus 00(P)/éx, and 6(P)@P/éx, coincide in the neighborhood of any 
point of P = 0. But this means that the functionals are equal, which 
completes our proof. 

It is sometimes convenient to deal with generalized vector functions 
(or generalized vectors), that is, vectors f = (fj, ..., f,), whose components 
f, are generalized functions. Two vector functions f and g are equal if 


f; = g, 1 = 1,..., n. If for any generalized function g we write 
_ (8 eg 
grad g — (ae yrs ae) (9) 


Eq. (7’) can be restated in the form 
grad O(P) — 8(P) grad P. (7”) 


We shall now use this formula for a very simple derivation of Green’s 
theorem. 


1.4. Example: Derivation of Green’s Theorem 


A generalized vector function can be considered a functional on 
vector test functions. Let f be a generalized vector with components 
f, and let % be a vector test function with components %, in K, 7 = 1, 

., n. We shall put 


1.0) =D nd) (1) 
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For instance, if g is a generalized function and % (not a vector) is in K, 
we can write the functional 4g (where 4 is the Laplacian) as 


(Ag, ) = —(grad &) grad wp), (2) 


where grad g is the generalized vector whose components are ég/0x,, 
and grad ¢ is the vector whose components are @¢5/0x;. 
In the preceding section we showed that 


grad 6(P) = 8(P) grad P. (3) 


We shall now use this to give a simple derivation of Green’s theorem. 
We recall first that if g is a generalized function and h(x) is an infinitely 
differentiable function, then in the usual way we have 


grad(hg) = g gradh + h grad g. 


Now let u(x) be some infinitely differentiable function and let us 
consider the generalized function A[u@(P)]. Using the vector notation 
described above, we may write this in the form 


(A[ui(P)], ») = —(grad[u6(P)], grad ¢) 
= —(u grad @(P), grad p) — (AP) grad u, grad —) 
= —(ué(P) grad P, grad ») — (@(P) grad u, grad ¢). 


Now we use the definitions of 6(P) and @(P) to obtain 
(A[u@(P)], ») = — | (grad u, grad y) dx — | u- (grad P, grad) w. (4) 
P20 P=0 


This, in fact, is Green’s theorem in generalized-function notation. 
If P(x) is (up to terms of higher order) the distance from x to the P = 0 
surface, so that grad P is the unit normal, (grad P, grad ¢) will be the 
normal derivative of m, while w will reduce to the Euclidean element of 
area do on P = Q. Then Eq. (4) takes on the usual form 


J Aug dv = — | (grad u, grad p) dx — | u a do. (5) 
P>0 P>0 0 


P=0 
We have given the proof for infinitely differentiable functions u and 9g, 
but by passing to the appropriate limit we can extend it to functions 


having only those derivatives that appear in the final expression of the 
theorem. 
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1.5. The Differential Forms w,(p) and the Generalized Functions 8‘) (P) 


We shall find important also the derivatives of 6(P) with respect to 
the argument P. To define these in an invariant manner we shall define, 
in addition to the differential form «, a set of differential forms of degree 
n — 1, which we shall call w,(¢), w,(¢), .... These forms depend both 
on P and on ¢(x), and are defined by 


wp) = p* a, (1) 
duw(p) = dP - a,(9), (2) 
duy_s(p) = 4P - oo), (3) 


es 6 © © © © © ee ee ee ee 


where d denotes the exterior derivative. 

The existence of these forms in a region containing the P = 0 surface 
is easily verified in the coordinate system u, = P, ug, ..., uz. Indeed, 
recalling that 


w = D(*) dup ... dy 
and setting g(x) = ,(u), we may write 
day = dy) = = — [pD(%)] diy .. diy = AP - (9) 
so that a possible solution is 
Sle) = a Baz (mC, )| duly ... dup. 


We may proceed in the same way, writing 


du,(y) = x. i [*P (")| dP du, ... du, = dP - (9), 


so that a possible solution is 


w(p) = < aa [nP (” )| dus ... duly 


and so on. In general 


wp) = oa [e.2(")| dus ... dun. (4) 
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Unlike w, these new differential forms are not uniquely determined 
by P(x) [and the choice of g(x) in K] even on the P = 0 surface. For 
our purposes, however, all that is important is that the integral of 
w,(p) over this surface be unique. To prove that it is, we show that if 
,(p) satisfies the same equation as w,(¢), then 


w, — @, = du + aP, (5) 


where « and § are differential forms with bounded support of degrees 
n — | and m — 2, respectively. Before going into the proof, however, 
we must explain how uniqueness of the integral will follow from this. 
First, note that on the P = 0 surface the second term vanishes, so that 
on this surface 

wy — Oy = da. 


Now by Stokes’ theorem we have 


eae 


where J" is the boundary of the P = 0 surface. But this surface is either 
closed, so that it has no boundary, or extends to infinity. In this second 
case [_ « = OQ because « has bounded support. 

We shall give an inductive proof of Eq. (5). Recall that we have shown 
in Section 1.2 that if y is a differential form orthogonal to dP, then it can 


be written 
y= 71 4P, 


where y, has degree m — 2 and has bounded support if y has bounded 
support. Thus for k = 0 we immediately arrive at 


wy — By = BaP, 


where 8 has bounded support since w, and &, contain the function » 
as a factor. Let us now assume that Eq. (5) holds for suitable « and 8, 
and then we take the inductive step from k to k + 1. For this purpose 
we differentiate (5), obtaining 


du, = da, = ap dP, 


where we have used the fact that the exterior derivative of an exterior 
derivative vanishes. Now by definition of w,,, and &,,, this equation 
can be written 


GP + (441 — Bey, — (—1)"* af) = 0. 
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We therefore have 

Beit — Opry — ely dp —=yY dP, 
and we have only to establish that y has bounded support. But this 
follows from Egs. (1)-(3), according to which both w,,, and @,,, have 
bounded support. 


Thus the integral over the P = 0 surface of any of the w,(¢) is indeed 
uniquely determined by P(x). We now make the following definition: 


(GP), 9) = [Pp de =(—1)F] alo) (= 0,12, 6) 


That this definition of the 6“)(P) coincides with the definition at the 
beginning of this chapter can be seen from Eq. (4). 


Example 1. For P(x) = x, = 0, Eq. (4) gives 


OK n(x 
we) = ra ) AX, ... AXy 
so that 
ie 
[ 8() @ dex = (—1yt [ SAO Bae ee) ay, wee AXy- (7) 
1 


Example 2. Let us calculate 8(a,, + ... + o%,), where Loi = 1. 
Performing the same rotation of coordinates as in Example 2 of Section 
1.3, we arrive at 


o* 
w(p) = uk dug ... dup 
so that ‘i 
8 (S wx,) o(x) dx = (—1)* ta 8 
[8 (Yar) oe) de = (—"' fT (8) 


where the derivative on the right-hand side is taken normal to the 
hypersurtace 
> aX, = 0 


(in the direction of increasing Ya,x,), and do is the element of area on 
this hypersurface. 


Example 3. Let us find 8“(xy — c). As in Example 3 of Section 1.3, 
we transform to the coordinates u, = x, ug = xy — c. Since 


Dt 


U, Us uy 
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we may write 


Ute 
oe { ® (1, ai 
eG) de, 
ous 
so that 


[ 8% (ay — 0) (0,9) de dy = (—1y f SAE) 


Example 4. Let us now construct 8)(r — c), where 7? = Lx}. Again 
we use the spherical coordinates u, = 7, ug = 4, ..., uy, = 8,_). In 
these coordinates it is a simple matter to calculate 


w = rl qQ, 


where dQ (previously dw) is the element of area on the unit sphere 
r = 1. This gives 


wy = grr dQ, — w(p) = 2 (pr*-*) dQ 
and so on. In general, 


o* 
wy) = ax (pr?) a2, 
so that 


__1)k k 
[me — ode =F PZ er 0, (10) 


cri 


where O, is the sphere r — c = 0, and dO, is the Euclidean element of 
area of it. 


Example 5. Finally, we calculate 6(r? — c?) by transforming to the 
coordinates u, = r? — c*, ug = 4), ..., U, = 9,_,. We obtain 


w= drt-2 aQ 
and 


k 
wile) = (a5) rt? dQ, 


which means that 
[ see —C) pdx = (—1t (-) (prn-2) dO (11) 
v 2c Jo \2r or : 
or that 


(2 4... +22 — 2), 9) = LY (5%) gems] do, (12) 


2c"- 
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1.6. Recurrence Relations for the 8‘*)(P) 


We shall show that the generalized function 6“)(P) can be differenti- 
ated by the chain rule, that is, that 


7 oP 

Fy BMP) = Be PMP), B= 041, 2, a (1) 
To prove this it is sufficient, as in Section 1.3, to verify that for 

fixed 7 the functionals on both sides of this equation coincide in a neigh- 

borhood of any point of the P = 0 surface such that @P/dx, 4 0. 
As before, we apply both sides of the equation to a y{x) in K with 

support in a small neighborhood of such a point, and choose the coordi- 

nates u, = x; for: ~j, and u,; = P. In these coordinates 


o()-#, of)-we 


o* 9p 
w;(¢) => OpPr (spa) dx, aa dX ;_1 AX 544 es Xn. 


and w, becomes 


Now the functional on the right-hand side of Eq. (1) operates according 
to 


es E+) P), ?) = (s+), e 9) 


oP 
— (__1)/*+1 
( 1) Iroc oral Ox; 
Ok+le 
= (—1)*1 Joe 5PEti Ax, ... AX;_, AX;41 ... dXp. 


The functional on the left-hand side operates according to 


=) 


(Ge, OP) 2) = — (800) SE) = fon (GE 


x5 


ot 7 Op/dx 
= (—1)k# i = oRF (spac) dx,...d2%; 4 dit5,4..d%y. 


Thus what we must prove is that 


(2) 


OPk+1 — aPk 


etm ak ( Op/ Ox; 
@POx, ) 
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Now for k = 0 this is obviously true since » = 9(%,, ..., X;(P), ..., Xp) 
and therefore 


Op Op | Ox; 


OP @P/éx, ° 


But then Eq. (2) follows without further ado for any k, since 


+g Ok Op ) 
OPk+1 ——" OPk (Sp 


We have thus shown that Eq. (1) holds in the neighborhood of any 
point of the P = 0 surface when 0P/éx,; 4 0. As we have already seen, 
from this the result follows. 

We shall now derive the following recurrence relations, identities 
between 6(P) and its derivatives: 


P&3(P) = 0, (3) 
P3'(P) + &P) =0, (4) 
P8"(P) + 28(P) = 0, (5) 
PSP) + R8*-1(P) = 0, (6) 


Cr 


The first of these is obvious, since the integral of Pp over the P = 0 
surface clearly vanishes. We now take the derivative with respect to 
x; and use Eq. (1), obtaining 


oP a 
Fay UP) + P58 (P) = 0. 


But we know that for at least one j the derivative 0P/éx,; ~ 0, so that 
the second of the identities follows immediately. !° 
The remaining recurrence relations are proven similarly. 


10Tn general we may assert the following: if a,;(x)f = 0,7 = 1, 2,...,m and if the 
a,(x) have no common roots [common, that is, to all the a,(x)] in the support F of the 
functional f, then f = 0. The proof follows. Every point x) of F has a neighborhood U 
in which at least one of the | a;(x) |, say for7 = 1, is greater than some positive constant. 
Now consider a 9(x) in K with support contained in U. For this function we may write 
g(x) = a(x) ¥(«), where (x) is some other function in K. Then we have (f, ¢) = (a, /, ¥) 
= 0, which means that f vanishes in the neighborhood of x9. Thus f vanishes in the 
neighborhood of every point, and consequently f = 0. 
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Example. The generalized function 5\)(r? — t®) as the solution of the 
wave equation in a space of odd dimension. Let us apply operator 4 — 6?/0t? 
to the generalized function 8)(r? — #?). We have 


7) 
—— (ky? — £2) — Dx, 8(E+1(72 2 
on (r t?) = 2x,6 (r t*), 


2 
<3 S72 — £2) = 25+ (y® — £2) 4 Ax2Hie+21(72 — 22), 


j 
e 
2 Ga S72 — 22) — Qmhet1(72 — £2) 
+ A(r2 — £2) 8042/72 42) 4 4e290e42y772 — 42, 
which, according to Eq. (6), can be written 


> awe — 1%) = [an — he + 2)] Bu — 1%) 4 aarBEIGG? — 19), 


Similarly, 


cs S72 — 22) —_ —2hEtN (yp? — 22) 4 Ae25(44+2)(72 — 72), 


so that 


2 
> : 5 572 — £2) — Zane — t®) = (2n — 4k — 6) +1072 — 1%), 


2 
x; t 


For k = 4(n — 3) this vanishes, so that if mis odd and k = }$(n — 3), 
the generalized function 6‘*)(r? — #?) is a solution of the wave equation 


(4—<-)u=0, 


In particular, for 2 = 3 such a solution is d(r? — #%). 
Let us see to what initial conditions this solution belongs. From Eq. 
(11) of Section 1.5, we have 


ome yey = GY [iaiel or] 


rat 


If we put 
n = 2k 4+ 3 
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the integrand becomes 


( <i ieee 


Each application of the operator r~10/@r reduces the power of r by two. 
After k such operations on gr?*+1, we obtain a sum of terms each of 
which contains r at most in the first power. We now set r = t and allow 
t to approach zero, obtaining 


lim 5 (r? — t?) = 0. (8) 
To obtain the second initial condition we study 


OB? — 22) 


- —218*+D(72 — 2), 


which, when applied to » yields 


PF [gSe) om] an 


In this case the integrand contains a single term containing r to a nega- 
tive power. A simple calculation shows that this term is 


(2k + 1)! g(x) 


Dke+1 


Thus on setting r = ¢t and allowing ¢ to approach zero, we obtain 


(— 19 BED" 0,0(0) (9) 


where 2, is the area of the unit sphere in R,. Now as is known, 


oo ain _ Jarh (2k+3) _ Dk+2 eee 
2 2 


so that we arrive finally at 


B5*)(72 — 22) 
et 


= (—1)* 2n**! 8(x), (10) 


t=0 
which means that the solution 


u(x, t) = dr? — 2?) 
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of the wave equation corresponds to the initial conditions 


u(x, 0) = 0, BAS) ) 


= (—1)* 2a*+1 8(x). (11) 
We see consequently that to within a numerical factor this function 


is an elementary solution of Cauchy’s problem for the wave equation 
(cf. Chapter I, Section: 5.4). 


1.7. Recurrence Relations for the 8*)(aP) 


Consider two functions P(x) and Q(x) such that the P = 0 andQ = 0 
hypersurfaces have, as before, no singular points. Assume further that 
these surfaces fail to intersect and that the PO = 0 surface also has no 
singular points. Then 


(PQ) = P-*8(Q) + Q-* &P). (1) 


Proof. Let wp be the differential form corresponding to the P = 0 
surface, wo be the differential form corresponding to the Q = 0 surface, 
and w be the differential form corresponding to the PQ = 0 surface. 
These differential forms have the following properties: 


wpdP =dv on P=O, (2) 
w5dQ=dv on Q=0, (3) 


wPdQ+QdP)=dv onboth P=0O and Q=0O. (4) 
Now on the P = 0 surface Eq. (4) becomes | 
wO dP = dv, 


which, when we compare it with (2), shows that on this surface w=Q71wp. 
Similarly, on the Q = 0 surface w = P-!w,. This leads directly to the 
desired result: 


(8(PQ), ¢) = fie po + es po = ir pQ twp + fee pP-lwg 
= (Q* &(P), p) + (P~* 8(Q), ¢). 


In particular, if a(x) is some nonvanishing function, this gives 


d(aP) = a“ 8(P). (5) 
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Further interesting formulas can be obtained by differentiating (5). 
In particular, the derivative with respect to x; gives 


, &aP) —_. & Oa ’ oP 
8'(aP) een S 8'(aP) P Ox, + 8'(aP)a Be; 
oP 0a 
—q-1S’ _ __ g-2 saree? 
= a"8(P) x, a~* §&(P) oe 
Now Eq. (4) of Section 1.6 can be used to replace 8’(aP)P in the first 
term in the right-hand side by — a—'8(aP) = — a-*8(P), to give the 
result 
§'(aP) = a~? 8'(P). 
In a similar way, for any k and any a(x) we have 
8(aP) = a-*+1) 84 P), (6) 
Example. 
572 — c?) = Slr + c)(r — c)] = (r 4+ €)-*- 18 (r — €). (7) 


This formula means that for any » in K 
[ 80? — 2) oa) de = [ (r + cy 2 8% — 0) g(x) de. 


This formula would, of course, have been quite difficult to discover 
if we had had only Eqs. (10) and (11) of Section 1.5. For k = 0 it becomes 


[ 0 ~ 2) of) de = 4. [ 8(r — 0) ox) de, 


which, on the other hand, it was difficult to overlook in Section 1.3 
[see Eqs. (5) and (6)]. 


1.8. Multiplet Layers 
A functional of the form p(x)6\*-)(P), or 
[ (x) 5°-9(P) ox) de =] oa(ug), (1) 
P=0 


is called a k-fold layer or distribution on the P = 0 hypersurface. In 
particular, a sznglet or simple layer (k = 1) is given by 


(XP), 9) =] upw =f oduo) (2) 
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while a doublet or double layer (k = 2) is given by 
(u8'(P),¢) =  o(u9). (3) 
P=0 


The function p(x) in these expressions is called the density of the cor- 
responding layer. 

The definition we have given would not be consistent if it were to 
depend on the form in which the P = 0 equation is written. It is found, 
however, that the statement that some functional f is a k-fold layer is 
independent on the form of this equation, and that if it is transformed 
from P = 0 to a(x)P = 0, where a(x) is some nonvanishing function, 
only the expression for p(x) will change. This is seen by using Eq. (6) 
of Section 1.7, which gives 


p(x) 8°-2(aP) = p(x) a¥(x) 80-D(P) = p(x) 8™-Y(P) . 
We wish to show that every functional f of the form 
) — ) Di d 
(fe) = J Dyas) Di ox) do 
nh ee et cals Oirtetin 
( = Gis in), Dt = ee 


can be written as the sum of multiplet layers. From what we have just 
said is follows that we may use any convenient form to specify the 
P = O surface. Let us assume that we have written it in a way in which 
P(x) is the distance from x to the surface, so that the associated differen- 
tial form coincides with the Euclidean element of area do. Then we have 


Fe=J dale) Digayo =] oe (Yala) D’e) 


= (3(P), > 4(*) Dig) — > (—1)(Dia(x) 8(P), ¢) 


=D (1! (Laide) 3(P), o) = (Fox) 3™(P), g), 
where , 
b(*) = 2 (—1)aj.(*). 
Hence 
f = bel) 5(P), 
as asserted. 
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1.9. The Generalized Function 8(P,, ..., P,) and Its Derivatives 


We have so far been dealing with generalized functions associated with 
hypersurfaces, or manifolds of dimension nm — 1. We now wish to turn 
to new generalized functions associated with manifolds S of lower 
dimension defined by k& equations of the form 


P,(%, ...) ¥_) = 0, Phy seig Xe) 0, og Pl tig cig Me) =O; (1) 


where & is in general greater than one. 

We shall make the following assumptions: 

(1) The P; are infinitely differentiable functions. 

(2) The P,(x,, ..., *,) = &€; hypersurfaces (¢ = 1, ..., k) form a lattice 
such that in the neighborhood of every point of S there exist a local 
coordinate system in which u, = Px, ..., x,) for 7 = 1, ..., Rk and the 
remaining u;,1, -.-, ’, can be chosen so that the Jacobian D(Z) > 0. 

Consider the element of volume in R,, 


dv = dx, eee dXns 


a differential form of degree m, and let us write it as the product of the 
first-degree differential forms dP,, ..., dP;, with an additional differential 
form w of degree m — k; in other words we write 


dv = dP,... dPyw. (2) 


Obviously if w exists, it cannot be unique. Indeed, if w is such a differen- 
tial form, we may add to it any form such as LZ, a,dP, where the «; 
are any differential forms of degree » — k — 1, for then the sum 
w +.Z5, «dP, will clearly satisfy Eq. (2) because dP,dP, vanishes. 
We shall prove the existence of w by exhibiting it in the variables 
X14) .+) X,- In these variables dv = dx, ... dx,. The dP, are given by 


_ @P, aP, 
dP; = ra +..4 on, 
and it is easily shown [cf. Eqs. (2) and (3) of Section 1.1] that 


P. sot P. 
dP, ... dP, = D(. a dx, ... AX; (3) 
k 


ty <ig<y..<ty > 
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Now by the conditions we have imposed on the P, functions, the matrix 


OP, oP, 
Ox, OXn 
OP, OP, 
OX, OXn 


has at least one minor of order k that fails to vanish identically. Let us 
assume it to be composed of the first k rows and columns, so that 


Then we may write 
24 AX ns see dXn 
Fag oP 
bags 


xy eee XE 


(4) 


since when we multiply this by (3) all the terms except 


D(.’ ie =) dx, ... Axx, 


Hy css By 


will be annihilated, since each will contain at least one differential 
twice. The sole remaining term gives 


‘é as é *) diy... dey Bien 0 On ~ sa = di... dit, = dv. 
lee k D( les *) 
My nce My 


Similarly, if for some collection 7, <1, < ... < % we have 


D(. Pere ag 


Hj one & 


) #0, 


tk 
we replace Eq. (4) by 

AX; AX; , 
D é sal ?) 


Xi, vee XY 


w = (—1)irt tie teuey 


(4) 
k 

where j, <<... <jn_p, and j, # Jj, for r ~ 5s. We have thus exhibited 
the existence of w. 


A more symmetric, but not always more convenient expression for w 
is obtained when the local coordinate system is chosen as u, = P,, ..., 
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u, = P,, and the remaining u;,,,, ..., “4, are sufficiently smooth and such 
that D(z) > 0. In this coordinate system the element of volume becomes 


dv = D(*] du, ... Aun. 


Then the first degree forms dP, simply coincide with the differentials 


v 
du, of the variables for z = 1, ..., k and for w we can then write 


@ == D(*) duy.4 ere du,,. (5) 
We shall need a rather simple lemma from the theory of differential 


forms to define the generalized functions 6(P,, ..., P,). 


Lemma. If y is a differential form of degree n — k such that its product 
with k independent differentials dP, ...dP,, vanishes, there exist differential 
forms a,, ..., a, such that 


y =a,dP, 4+... + oy dP,. 


Here by differentials we mean the exterior derivatives of zeroth- 
degree differential forms (or functions) P,, 7 = 1, ..., k. Such differen- 
tials are independent if 


dP, ... dP, ~ 0. 
In terms of the x,, this differential form of degree R is 


aP, OP, oP, 
, O%;, ~ Ox;, 


AXx;, ... dx 


Tk 


7 P, ... Py 

oo p2 D,. - >) AXx;, ... dX;,. 
Thus the independence of the dP, implies that the matrix of the 0P,/éx,, 
i= l,..., kj j = 1, ..., m, is of rank k, or that the P; may be chosen as 
the first k (local) coordinates in R,,. 


Proof. To prove the lemma we transform to the variables u, = P, 
(¢ = 1, ..., R), uega, -, U,. Then in these coordinates y may in general 
consist of terms containing at least one of the first k of the du, and a single 
term of the form qdu,,, ... du, containing none of the first k. Now by 
assumption we have 


du, ... duyy = q du, ... du, =0 


and since the du, are all independent and their product cannot therefore 
vanish, it follows that g = 0. Thus y consists only of terms containing 
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at least one of the first k of the du;. This means that in general y can 


be written 
y=, du, +... + a du, 


y = a, dP, +... + o% dP,, 


or 


which completes the proof of the lemma. 
We now define the generalized function 6(P,, ..., P,) by the equation 


(8(P,, «.-) Pz)» @(%y) «+5 %n)) = | me (6) 


where w is the differential form we have already discussed [see Eq. (2)] 
and S is the manifold defined in Eq. (1). 
Equation (5) shows that this definition coincides with that given at 
the beginning of the chapter. 
It is easily shown that this definition is independent of the particular 
choice of w. Let 
dv — dP, ...dPyw = dP, ... dP. 


We shall show that [ o(# — &) = 0 for any g(x) in K. According to the 
lemma, we have w — & = a, dP, + ... + a,dP,, so that in the entire 
space w and & can differ at most by a form which can be written a,dP, + 
... + a,dP,, where the a, are differential forms of degree n — k — 1. 
Obviously, on the P; = 0 manifold this differential form vanishes so that 
the generalized function 6(P,, ..., P;,) defined by the P,, 7 = 1, ..., R, 
is unique. 

It should be emphasized that both the differential form w and the 
functional 8(P,, .... P,) change when we change the equations 
describing S. In order to study the way w changes, let us transform from 
the equations P, = 0 toQ; = 0,7 = 1, ..., Rk, where 


Q(x) = > ais(x) P(x). 


Here the «,; (x) are assumed to be infinitely differentiable functions and 
the matrix they form is assumed nonsingular. (Obviously these equations 
describes the same manifold.) The defining equations for the initial 
differential form w and for the new one & are 


dP, adP,...dP;,w = dv; 
dQ, ...dQ,& = (> Oey dP.) se (> Oven aP;) & = do. 


By expanding the terms in parentheses and using the anticommutation 
rule dP,dP; = — dP,dP;, we may write 
det || oj || dP, ... dP, @ = dv. 


1.9 Smooth Manifolds of Lower Dimension 243 


This means that 
| 


& = ———_w 
det || a4; || 


This is the formula which gives the transformation of w. Then the 
generalized function 6(Q,, ..., Q,) is related to the original one by 


Os oO) = | erie p ~ (AP Pe GeTtag tr) 


We now wish to define the derivatives of these newly defined general- 
ized functions with respect to their arguments P;, or the new general- 


ized functions 
a"3(P,, ..., Py) 


OP... OPte * 


These will be defined as the integrals over S (the same manifold as before) 
of certain differential forms wa... which depend on the P, and on the 
particular function 9(x,, ..., ¥,) in K and its derivatives up to the mth 


order, inclusive. 

Let us denote pw by woo. o(y) [here w is the differential form defined 
in Eq. (2)]. We then define, for instance, the differential form wy. o(¢) 
(whose integral over S will give 08(P,, ..., P,)/@P,) as follows. We take 
the exterior derivative of the differential form of degree n — 1 


AP, ... dPi,2299, oP); 


and write it in the form 
d(aP, 9 ++ AP -o0...0(P)) = dP, ... dP, ~10...0(P)- 


That it is possible to do this is easily shown in the previously chosen 
local coordinate system in which the u; = P, for 7 = 1, ..., Rk. Let us 
denote o(x,(uy, ..., Un), +) Mp(Uy, 5 Up) ) DY G(Uy, ..., Un) = G(u); we then 
obtain 


9...(0P) = PD EC ) dys 1 «- 
( 


x 
dP, ... dP, (~) = ¢D a diy ... dp, 
(7) 
Oo Trp,[* 
d(dP,... dP x20...) = go- [BD (")| diy... dy 


ry 


iad) 


10..0(®) = By ES D ("| diy oo. Aly. 
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Any of the k indices of wo)..o(y) can be changed from zero to one in 
the same way. In general, assuming that we know wa.a,...«,(p), Wwe may 
raise its jth index by multiplying on the left by all the dP, with : 4 J, 
taking the exterior derivative, and writing 


d(dP, ... dP;_, dP yy 01. dPy ayes) 
= (—l) aP, ees ) ga ee ee (8) 


This defines the wa ...«(g) for any nonnegative integral indices. 
Obviously, if woo,..o(p) is not unique, neither are the w, . «,(¢). 
We wish to show, however, that the we .«,(~) defined inductively 
by equations of the form of (8) can differ for any given om, ..., a, only by 
a differential form that can be written 


dv + B, dP, 4+... + By dP, 


where dr is the exterior derivative of some differential form 7 of degree 

n — k — |, and the 8, are arbitrary differential forms of degree n — k — 1. 

We may assert further that both 7 and the 8; have bounded support. 
We shall proceed by induction. According to our lemma, 


@99,..0 — Goo...0 = 8, 4P, + ... + By dP, 


for any two forms defining 6(P,, ..., P,). Since each of the differential 
forms on the left-hand side has g(x) as a factor and since the dP, are 
linearly independent, all the 8, on the right-hand side of the equation 
must have bounded support. Let us now assume that given any two 
differential forms with indices a,, ..., a, they can be written throughout 


our space in the form 
Der erer te Be, ae ot, — dr + By aP, +... + Bi. aP,, (9) 


where + and the 8; have bounded support. We shall show that in raising 
one of the indices (for simplicity we shall take the first) by one unit, 
this property is preserved. Proceeding, we multiply both sides of Eq. (9) 
by dP, ... dP,, and differentiate. Since d(dP;) = d(dr) = 0, we obtain 


a{dP, tes AP (We... oy = Bq,...c,)] 
= aP, dP, ee aP,, 4 (Wa +1.09 panes te De 41, ot veene a,) 


a (—1)* dP, es dP, dp. 
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This leads to 
dP, dP,... dP, ° (00g ite i ex — Dott, ctereeee%ye (=D dp,) = 0 
and then by the lemma we may write 
ee tts cegreeertty — Bey tdicgs ee, = (—1)* dBy + y, dPy +... + ve dP. 


Now since the two differential forms on the left-hand side of this equa- 
tion have bounded support, as does 8,, the y; must also have bounded 
support. This completes the proof. 

Thus Eq. (9) is valid for any indices a, ..., a; let us study it on S. 
On this manifold dP; = 0, and dr is equal to some differential form 
dr* (the exterior derivative of the scalar function 7* of bounded support 
which is obtained from 7 by projecting it onto S). Thus on S we have 


. _ 8"8(P,, ..., Px) 
We now define the generalized function “SPs. OP 
o78(P,, ..., Px) = - 
(“Spe gpa) = ("fee el?) (10) 
It is seen from equations such as (7) that this definition agrees with 
the one given at the beginning of the chapter. Further, it is independent 
of the particular choice of wa..«,- Indeed, if we, ? 
are two differential forms obtained from a 9... by successively raising 
the indices, then as we have seen 


But according to Stokes’ theorem, 


J ar = [i 


where J’ is the boundary of S. From what we have assumed concerning 
the P,, however, S is either closed or extends to infinity. In either case 
J.7* = 0, for 7* has bounded support. Therefore 


We. ..a. = | ao : 
pone kK hye ee hy 
iB Ss 


a"8(P,,..., Py); 
OPA... Pa is defined 


uniquely by the P, functions on the P, = 0 manifold (¢ = 1, ..., 2). 


This proves that the generalized function 
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For the generalized functions we have been discussing we have the 
following theorems. 
e™8(P,, ..., Px) 
OPH ... OP 


Theorem 1. The generalized functions 6(P,, ..., 


can be differentiated according to the chain rule 


é _< Pye Pa) as » Pr) oP, 
— &(P, «.., Ey) rege eo oe 


Here the partial derivatives with respect to the x, are defined in the usual 
way, namely 


ea &(P,, .., Px); °) = —(8(P,, weoy Pr); Ox, ae), 


Theorem 2. The generalized functions 6(P,, ..., P;,) and their deriva- 
tives satisfy the identities 
P&P, aeey P,) — 0, 
P,P;8(P,, toey P,) = 0, 


P,P, eee P,8(P,, eeey P,) = 0, 


as well as other identities that can be obtained from these by formal 
differentiation with respect to the P;. For instance, successive differen- 
tiation of the first identity leads to 


ee 


Spe PAP eaey P,) es Pp. p(Pi, ees P,) = 0, 


We may differentiate with respect to any of the P;. For instance, the 
derivative of the second identity with respect to P,; and P, yields 


8(Py, ..., Px) + PSp(Py, --- Pr) + PSb(Py, «5 Pr) 
+ PP SP, p{Pi, aeey P,) = 0. 


These two theorems can be proven in the same way as their analogs 
for 6(P); we shall omit these proofs. 
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In conclusion we remark that the analogs of the m-fold multiplet 
layers can be defined as functionals of the form 


JD wal) 8(P 1, 5 Pr) oH) dx, 


a |=m 


where 
X = (O4, «.-, Xx), lo] =o +... + oy, 


all8(P,, ..., Px) 


SOP, 4 Py) = a 
a... OPS 


In particular, a singlet or simple layer is given by 
(WB(Pyy Pads 9) = J 10) (Pay ns Pa) (2) de = J 00,7). 


Again it can be proven that every functional f of the form 


aia 
f ?) = [2 a,(x) D(x) do, Di = Bah ade : 


where do is the element of the area on S, can be written as the sum of 
multiplet layers. 


2. Generalized Functions Associated with a Quadratic Form 


In this section we shall consider certain types of generalized functions 
associated with nondegenerate quadratic forms. Sections 2.1 and 2.2 
are devoted to specific regularizations of certain integrals without 
extension to the complex domain. The rest of the section makes wide 
use of convergence from the complex domain. 

This complex extension method is the more simple, and we suggest 
that on first reading the reader merely skim over Sections 2.1 and 2.2, 
which contain some useful information on delta functions associated 
with quadratic forms, and start the careful study with Section 2.3. 


2.1. Definition of 5{°(P) and 8{*)(P) 


In Section 1 we defined 6)(P) for an infinitely differentiable function 
P(x, ..., %,) such that the P = 0 hypersurface has no singular points. 
But if 


2 
P(y, 10) Bq) = ¥P fo + xe — 25 —  — Rpg (1) 
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(with p + q=n), the P=O hypersurface is a hypercone with a 
singular point (the vertex) at the origin. 

For this case 6“)(P) can be defined as follows. Since the only sin- 
gularity of the P = 0 surface is at the origin, we have in fact already 
defined (6“)(P), ~) for all » in K which vanish at the origin. This 
definition according to Section | is 


(5%(P), 9) = | 8(P) ede =(—I)k | ole). (2) 


But if @ is to be an arbitrary function in K, the integral in Eq. (2) 
may diverge. We shall then define (8(P), ~) by regularizing the 
integral. 

Let us proceed according to this plan, but in a relatively elementary 
way which does not involve the definition of [p., w;,(¢) from Section 1. 

We thus start by assuming that g(x) vanishes in a neighborhood of 
the origin. Away from the origin, the P = 0 surface has no singularities, 
and in a small enough neighborhood of any such nonsingular point we 


may set up the coordinate system u, = P, us, ..., u, with Jacobian 
D(j) > 0. Then according to the definition of 6(P) of Section 1, we 
have 
or x 
(x) oe ae 
(6 x (P), 2) = ( 1)* | Ee gD (‘) Has dus “ee dun, (3) 


where the integral is taken over P = 0. This definition is independent 
of the particular choice of u,; coordinates. 

Indeed, as was shown in Section 1, the definition in Eq. (3) coincides 
with (— 1) ie = wx(p) and is therefore coordinate-system independent. 

By choosing ' the u, in a special way, we can obtain an explicit expression 
for (8(P), 9). 

Assume that both p > | and q > 1; we shall deal later with the case 
in which either g or p is |. 

Let us transform to bipolar coordinates defined by 


Hy = 704, 0, Xp = Ty, Hyay = SWy44, 000) Mpg = SWysa, (4) 
where 
= 3 es 2 — 4/x2 
i V x2 + + a s= etl + a we (5) 


In these coordinates the element of volume is given by 


dx = rP-! 59-1 dr ds dQ) dQ, (6) 
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where d2) and dQ are the elements of surface area on the unit sphere 
in R, and R,, respectively. Then Eq. (1) becomes 


P=r— s, 


Now let us choose the coordinates to be P, r, and the w,;. In these 
coordinates Eq. (6) becomes 


dx = 4(r® — P)t(a-2) ?-1 dP dr dQ dQ, 


Then we may rewrite the defining equation (3) in the form 


(6%P), 9) = (—1F [Se Geet — Pyke] rt dram dam, (7) 


P=0 


Further, if we transform from P tos = Vr? — P and note that 0/2P = 
— (2s)-10/0s, we may write this in the form 


k 
(8P), p) = (IG) cea 7?) dr dQ’) dQ , (8) 

Let us now write 
Wr, s) = [ pdQm da, (9) 


which transforms (8) to the form 


ore = [lata MG ere a 


s=fr 


We could equally well have interchanged the rules of r and s in these 
considerations. We would then have arrived at the equivalent expression 


— ye (°F 2_ 6 oe HOD 41 

(SP), p) = (—1)* J. ( ar) We 5 ‘a ds. (10’) 

Now we are still assuming that g vanishes in aneighborhood of the 
origin, so that these integrals will converge for any k&. If, further, 
(p — 1) + (q — 2) > 2k, that is, if k < 4(p + gq — 2), these integrals 
will converge for any y(x) in K. Thus we may take (10) or (10’) to be 
the defining equations for 5)(P) when k < 3(p + gq — 2). If, on the 
other hand, k > 4(p + q — 2), we shall define (8{""(P), ») and (8{(P), ¢) 
as the regularizations of (10) and (10’) in a sense to be described below. 
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Collecting the above considerations we shall say that for p > 1 and 
q > 1 the generalized functions 6{")(P) and 8{)(P) are defined by 


mene) = J [Caka) foe 


r?-1 dr, (11) 


na 5) 
2 


re) a k 
aO(P), 9) =(—1e { [(-— 5-1 ds, 1’ 
(OEP) 9) = (| [aa] |. (11’) 
where ¢(r, s) is r'-?s!~2 multiplied by the integral of » over the surface 
Eto + eR = 7, xh, + 4+ 02,, = s%. The integrals converge 
and coincide for 


p+q—2 
he 


If, on the other hand, 
p+q-—2 
pe eti— 2. 


these integrals must be understood in the sense of their regularizations. 

The regularization of (11) and (11’) we shall understand as follows. 
Note first that (r,s) as defined by (9) is an infinitely differentiable 
function of r? and s? with bounded support. Let us make the formal 
change of variables r? = u, s? = v in (11), writing 


Wr, s) = ¥4(u, 2), 
and obtaining 
((P)0) = Ff eH aw, op] wh” du. 


om 


Now ¢,(u, v) is an infinitely differentiable function of u and v with 
bounded support, But then we may write 


[Zt dw, oy] = hee BW, 


v=y 


where Y(u) is again an infinitely differentiable function with bounded 
support. We thus have 


(3P), 9) =4 [ Lee) ae (12) 


Now such integrals have been regularized in Section 3 of Chapter I. 
The right-hand side of (12) can be written +(u/1, %(u)) with 
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A = 4(p + q) — 2 — k, where wu is, of course, the functional equal to 
u’ for u > 0 and to zero for u < 0. Its regularization is the generalized 
function we have also denoted by 4, which is obtained for all A 4 — n, 
where 1 is a positive integer, by analytic continuation of u4 from the 


region Re A > — |. At A = — n this generalized analytic function has 
simple poles, and we have defined u=” as the constant term in the Laurent 
expansion for u+ about A = — 2. 


Thus if the dimension n = p + q of the space is odd, the regulariza- 
tion of (12) is defined as the analytic continuation of 


fQ) = : | : ud Yu) du 


to A = 4(p + q) — 2 — R (in accordance with the equations given in 
Section 3 of Chapter I), whereas if is even it is defined as the constant 
term in the Laurent series for f(A) about A = 4(p + q) —2—k. 

The regularization of (11’) is defined similarly. Now in general 
dP) and 8(P) may not be the same generalized function. In 
Section 2.3 we shall show that in a space of odd dimension these 
always coincide, while if the dimension m is even, for k > $n — | 
the difference between them is a generalized function concentrated at 
the vertex of the P = 0 cone. In the same section we shall give a more 
natural definition of homogeneous functions concentrated on the surface 
of the P = 0 cone. 

Note that the definition of these generalized functions implies that 
in any case 

8(0(P) = (—1)# 3%(—P). 


We have been assuming that p > 1 and q > 1. The case in which 
either p or g is equal to unity is a special case, since in this case the 
transition to bipolar coordinates loses its meaning. Let us, define 8{")(P) 
and 8{(P) for this special case. 

Assume first that p = q = I, or that P = x? — y?. Then we may 
choose our local coordinates to be P and x, and proceeding as in deriving 
Eq. (10), we obtain 


ere —0=[" (ae) A l& 


where the integration is over the two lines given by x2 — y* = 0. Thus 


(8((x® — 9%), @) 


-f- ( wir) te 


2y 


(x, Y) 
a = ax. 


sane = i- ( iy ) 


v yrrn 


252 PARTICULAR TYPES OF GENERALIZED FUNCTIONS Ch. III 


The integrals in this expression are understood in the sense of their 
regularizations (again there is no problem in using the results of Chapter I 
Section 3). 

In particular, for k = 0 we have 


[eo] _+ [eo] l dx, 


(8,(x? _ ¥), P) ag iz 


or ie 
1 1 
BE oye) ae (13) 
Similarly, if p = 1 while gq = m — | > 1, we arrive at the definitions 
400 a \keX . 
(8)°(P), p) = [ee ( *, a) es Hen) ) 1 7 at (14) 
- > QO \* (#(*, 5) ma 
Gr) 9) = (| [lan ae) Oe a 2 ds 
ee QO \* (Ws) a 
ge ee) i fe ( Xe, za) ( oe, es 2ds, = (14’) 


where ¢(x,, s) is s‘!~% times the integral of » over the manifold x, = const, 
eet. fe = 82. 

If, on the other hand, g=1 while p=m— 1 > 1, we arrive at the 
definitions 


err) = (Of [(aa) eA] ae 5 
erie) =f [ae ae) EY) te 
ng is ( be ae) (SS) tees rn-2 dy, (15’) 


where ¢(7, x,) is r!-” times the integral of » over the manifold xf + ... + 
x2_,=r*, x, = const. All the integrals in these equations should 
be understood in the sense of their regularizations.! 


1 Note that it is sometimes possible to avoid averaging » over a sphere when p = 1 
or q = 1. Equations (14’) and (15’) can also be written in the following forms. If p = 1 


a k 
(BP), 9) = (=D | (sae) (GE) a tee, 
where the integral is over the surface of the P = O cone. If g = 1, 
6m), 0) = f (5) (2) ano dene, 
2xn OXn rom 


where again the integral is over the P = 0 cone. 


22 A Quadratic Form 299 
2.2. The Generalized Function P4 


Again consider 
P(x) = Hf boos Fo Hy oo — Hg (1) 


with p + q = n. We define the generalized function Pi, where A is a 
complex number, by 


(Pio) =] Pia) of) ae, (2) 


where x = (x, ..., x,) and dx = dx, ... dx,. For Re A > O, this integral 
converges and is an analytic function of A, Analytic continuation to 
Re A < 0 can be used to extend the definition of (P", ¢). 

Let us find the singularities of (P’, y). For this purpose we transform 
to bipolar coordinates 


Hy Wy, ory My FH TH yy Kyi FH SW igs rey Mppg = SWyig (3) 


in Eq. (2), where? 


ra=VOp pe, sa VR Pe (4) 
Then Eq. (2) becomes 
(P19) = | (r2 — 52) gr?! 52-1 dr ds dQ) dQ, (5) 
P>0o 
Now proceeding as in Section 2.1 to write 
Wr, s) = | paQm aa, (6) 
we obtain 
Pi, a ae 2_ 2\A ; p-1 59-1 ds dr, 7 
(Pio) = Jf Gt — sty, s)emts (7) 


Since g(x) is in K, ¢(r, s) as defined in Eq. (6) is an infinitely differenti- 
able function of r? and s? with bounded support. We now make the 
change of variables u = r’, v = s*? in the integrand of (7), writing 


(7, s) = ¥4(u, v); (8) 


? For simplicity we shall assume throughout what follows that p > 1 and g > 


1. 
The results we shall obtain, however, are valid also for the special case p = | or g 1, 
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to obtain 
1p? pe 
A ae — vy $(p-2) oy$(q—2) 
(P*, @) al. fe v)* p,(u, v) wh ?-2) yRO-2) dy du. (9) 
Finally, we write v = ut, which transforms (9) to the form 
Lie 1 
(Pi, 9) = 7 J. yrt+d(r+a)-1 dy j. (1—ty p3(q-2) ys,(u, tu) dt. (10) 


This equation shows that (P’, ~) has two sets of poles. The first of 
these consists of the poles of 


(A, u) = 3 f (1 —2)' 280-2) g,(u, tu) de. (11) 


Like the function (x‘, ») studied in Chapter I, Section 3, this tunction 
is regular for all A except 


Ne ls 


where it has simple poles. At these poles we have 


£98, 0051) = gay [ayer vale, tH] (12) 


Thus res,._, ®(A, uw) is a functional concentrated on the surface of 


ihe P = O cone. 
On the other hand, even at regular points of ®(A, u) the integral 


Po) = * ye+hsa-1 BA, u du 13 
1? ®) , (A, #) 


may also have poles. This occurs at 


where n = p + q is the dimension of the underlying space. At these 
points 


nz ee ee n 
Fear tas 2 a" lor ®(—3-44)] “ 
Thus the residue of (P’, g) at A= — 4u — k is a functional con- 


centrated on the vertex of the cone. 
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Consequently, (P’, ~) has two sets of singularities, namely 


eS ar. (15) 
and 


= (15’) 


The residue of (P’, ¢) at a singular A is a functional concentrated on 
the surface of the P = 0 cone if A is a point in the first set, and on the 
vertex of this cone if A is in the second set. When A is in both sets simul- 
taneously, the picture, of course, becomes rather more complicated. 

Let us now study each case separately. 


Case 1. The singular point A = — k belongs to the first set, but 
not to the second. This is always the case when the dimension m = p + gq 
is odd, but is also true if mis even and A > — $n. 


Let us write (11) in the neighborhood of A = — k in the form 
Bia) os ) 4 ®(, »), (16) 
where ©®,(u) = res,__, P(A, u), and ®,(A, u) is regular at A = — k. 


Inserting this into (13), we obtain 
(P*, ») = 1 [ yith(p49)-1 © aus if yithrt+a-1 © (A, u)du. (17) 
+9 P ALR , 0 , 1\"5 
Under the assumptions we have made concerning A, the integrals in (17) 


are regular functions of A at A = — k. Therefore (P’, ¢) has a simple 
pole at such a point, and 


ies, (Psp) = J wctrlrsot @y(u) du, 


where for k > 4(p 4+ q) the integral is understood in the sense of its 
regularization. Inserting Eq. (12) for ®,(u), we arrive at 


Ph’ Cox 4? ?) 
—])-i ora) 
~ ie nt, = DpeA pha ~2) by(u, tu)}| y-kth4+-1 dy. (18) 
Consequently the residue of Pi at \ = — k is a generalized function 


concentrated on the P = 0 cone. 
We wish to establish the relation between this function and 8{*)(P) 
of Section 2.1. 
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Note that if we write tu = v, we obtain 


[Stoo waa] = [Ste gw oy) ete 


so that we may rewrite (18) in the form 
(—1)-1 : 
ae) 4k — ae iy, Leer p {oh dy(w oi ie ae 


where the integral is to be understood in the sense of its regularization 
for k > 4n. According to Section 2.1, on the other hand, 


2) e~-1 
OP) 9) = 2 [ger tol vate, op] he a 
0 v= 


with the same interpretation of the integral. But when n = p + g 
is odd, the regularization is defined by analytic continuation. Hence 


res, (P*, p) = Y— (9-0(P), 9) 


(k — 1) 
Summarizing, we have the following. For odd n and for even n if 
k < $n, the generalized function P* has simple poles at A = — k for 


positive integral values of k, where the residues a are 


es, Ph = ‘e 5 §-0(P), (19) 


This result is not surprising. Indeed, we establish in Chapter I that 


_4)e-2 
as 'E > 1)! lod 
Equation (19) implies also that for a space of odd dimension and for 
a space of even dimension if k < 4n, the generalized function 5{*—) (P) is 
uniquely determined by the quadratic form P. 
In Section 2.1 it was pointed out that 8{*)(P) can be defined by 


(YP), 9) =(—1F | ox(@) 
and that the integral here converges for k < $(m — 2), whereas if 


k > 4(n — 2), it is to be understood in the sense of its regularization. 
We may now write 


zes, (Pi. ?) = ky i) peg EMP): 
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In particular, for k = 1 we have 


A _ [ _¥(%) de 
es FP) = | Tord P|’ 


where do is the element of area on the P = 0 cone. 


Case 2. The singular point A is in the second set, but not in the first. 
This occurs when A == — 4n — k, for k a nonnegative integer and 
dimension n odd. 

In this case ®(A, u) is regular at the singular point, so that (P’, ¢) 
as defined by Eq. (13) will have a simple pole with residue given by 


A = ee $n—1 2 
Wed (Pi, 9) aay j, ust @ ( 5 k, u) du, 
or 
rp (_ 7% _ 
re boa ents] . 
a=—dn—k * a k! ouk ek (20) 
Thus the residue of (P41, ~) at 1 = — 4n — kis a functional concen- 


trated at the origin. 

Let us express this functional directly in terms of the derivatives of 
g(x) at the origin. 

For A = — 4n, Eq. (20) gives 


A — = 
res (Pi, @) = o ( 5 +0). 
We insert Eq. (11) for © to obtain 


1 1 
Pi ie Dae J (1 = tyte tee at (0, 0), 
But 


1 bes 
i (1 =e t)-3n g3(q-2) gp — oS 
0 


If p is even, T(— 4p + 1) = ~&, so that 
s (Pi,9) =0. (21) 


rad 


Now assume that p is odd and q is even. From (8) and (6) we have 


¥,(0, 0) = ¥(0, 0) = i (0) da” dQ, 
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whence 
$,(0,0) = 2,2, (0), 


where 2, and 92, are the hypersurface areas of the unit spheres in R, 
and R,, respectively. We thus have 


P*, 9) = 0), 
peas G ( + ) ar ( _?) $202 ¢(0) 
Or 
£ pe 
Fs i ae NED ape (22) 
ar(i—5) 


Now the area 2, of the unit sphere in R, is given by 


nt . 


If we insert the expressions for 2,, and 9, into (22) and perform some 
elementary manipulations involving the properties of the gamma func- 
tion, we arrive at 


_])heqtn | 
res PA — pe 79 (23) 
ey 
2 
To find the residues of P4 at A = — $n — k, where k is a positive 
integer, consider the homogeneous differential operator 
7) 7) 
b= Pat Ge) 
by which we mean 
e e o oe 
= +,4+..4+59 -a a: 24 
Ox? a Ox 2) 
A simple calculation shows that 
LP#41 = 2A + 1) (2A +n) PA, (25) 


where m = p + gq. 
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On the other hand, for any g(x) in K we may write® 
| on glAEPM) — PHY(Le)] dx = 0. (26) 


We now use Eq. (25) for LP*+) where it appears in the above integral, 
obtaining 


1 


A a eee 
Jroa Pe 2 + 1) (X43) 


| P*+1(Lq) dx, 
P>0 


or 


(P!, ¢) = _——__ (P1, Lg). 27) 


2A + 1) (, 4 5) 


Then k-fold iteration of (27) leads to 


1 
Oe te a fe ce 
PHA FU AA (A+5)-(A+5+%-1) 
Consequently 
Pe erg ae 


1 
. 


PAE 1 A+B (A +3) 0 Q+5+e-1) 


a=—-hn—k 


x is (Pi+*, Lkp). (29) 
A=~— n—k 
But 


Atk Tk —_ A Tk 
ey (Pi, Le) = ce (Pt, Le). 


Therefore if p is even this residue, from (21), vanishes. If p is odd, 
on the other hand, (23) gives 


(—1)22 win 
res (PAtk, Lp) = ~—*+——— (8(2), L*¢). 
dA=—jn—k r (5) 
2 


3 This follows from the fact that for Red > O this expression can be reduced, by 
Green’s theorem, to the integral over the P = O surface. But since P4+! and all its partial 
derivatives vanish on this surface, the integral must vanish. Then by analytic continua- 
tion Eq. (26) remains valid for ReA < 0. 
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Inserting this into (29) and using the fact that 
(8(x), L'p) = (L*(x), @), 
we arrive, after some elementary operations, at 


(18 aie 
aps, Pho) = PEE 15(0), 9) 
RIT (5 +k) 


Summing up we then have the following. If the dimension of the 
underlying space is odd, then for pi odd and q even the generalized function 
P* has simple poles at A = — $n — k, for k a nonnegative integer, 
where the residues are given by 


_]\he zn 
és a aor: ya 
fie DRI (5 +) 
g2 e2 e2 gz \k 
a (Ser Sree aaa Ox? - Ox2 | 7 a) a). (30) 


If, on the other hand, p is even and q is odd, P* is regular at these points. 


Case 3. The singular point A is in both sets. This can occur for even n 
for all 


n 
eae ame (Rk =.0; 1, xi). 


As in Case 1, we first write (P’, ») in the form 


(PL, 9) =I — [wists ou) du 
A+5 +k 


4 [. yrt+dpta)-1 ®,(A, u) du, (31) 


where oy) = res,__4n-« P(A, u), and OA, «) is a function which is regular 
at A = — 4n — k. By assumption, each of the integrals in (31) may have 
a simple pole at this value of A. 
Therefore (P*, ~) may have a pole of order two at A = — $n — k. 
In the neighborhood of such a point we may expand P’ in the Laurent 
series 


roe ce 
P= — ar zs oe 
A+5+e) A454 


Let us find c) and c. 
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First, according to (31) 


co 1 
(e.g) = res fo whet Oy du = FOO). (3D) 


Thus, the generalized function c'*) is concentrated on the vertex 
of the p= 0 cone. 


Let us express c*) in terms of the derivatives of 5(x). When we set 


k = 0, Eq. (32) becomes 
c\) — @(0). 
Now by definition 
—_ I * A ¢h(q—2) 
240-5 am, [0 niet mpietn a 
from which we obtain 


1 
®,(0) = 51400, 0) oo, J. (1 = t) £3(9-2) dt 


r(£{\ra+1 
= ¥,(0,0) res Ag) z A 


According to the known relation 


go ae Sin mx 
for the gamma function, we may write 
q q q q 
P(z)FA+N sine (—7—a F(G)F(-A—-34) 
ag ~  sinx(—A)—“‘i«sé«CT(A*Y 


ig. 
rat $+ +1) 
Now it is easily seen, on the other hand, that 


n 
At+s5 2 _(- ])dn+1 


lim ———~— 
pause sin(—7A) 7 
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so that for the residue we have 


r(gjneen 
‘ag 2 a ee ee 
— (—1)#"41 sin (4 = A) Pe) a) 


dan. 


Now putting A = — 37, we have 


r (4) ra +1) 


ary 
aa 


; = (—1)}e# sin See) 503) 
A+% 41) 


n 
“I (5) 
Now recall that 
¥,(0, 0) = 2,2, 9(0), 
so that we may write 
cg) = (—1)ie4 sin" =~ 0,0,9(0). (34) 


al (5) 


If p is even, c‘ = 0, since then sin (7p/2) = 0. Thus if p and q 
are even, P’ has just a simple pole at A = — 47. If, on the other hand, 
p and q are odd, Eq. (34) implies, using 


ts 
sin 7? — (—1)#-) and =—Q, = wal 
(5) 
2 
that 
qen-l 
ci}, @) = (—1)#e-) —_ (0), 
r(5) 
or in other words, for p and g odd we have 
$n-1 
c9) = (—1)He-) “—__ 8(x). (35) 
2 


We now use (28) and go step by step through the same considerations as in 
Case 2 to find for even p and q that c*) = 0, or that at A = — $n — k, 
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the function P4 has a simple pole. If, on the other hand, p and q are odd, 
then 


cf) — (—1)Ke-n ee 


2RIT G zy. k) 


oe? 2 o2 2 k 
x (sar SOP gga =< age = Gaz) Oe). 36) 
Dp pt p+ 


Let us now determine c“). Equation (31) gives 
1: &q g 


(2, @) = [ w®1 b,(u) du 
0 


© teint et | 
+ Pa i u+ ®, ( 5 k, u) du. (37) 
The first of these integrals is to be understood as the constant term of 
the Laurent expansion of 


fa) = | utete-t bu) de 
0 
at A = — 4n —k. This integral defines a functional concentrated on 
the P = 0 cone, which we now proceed to determine. Since 


P,(u) = res, OA, u), 


we may conclude from (12) that 


(= ])2n+k-1 osntk—-1 
| orent+k-1 


P,(u) = — {the y(u, tu)}] 


4(5 +1)! 


t=1 


4(5+k-1)! 


__])$n+k-1 tn4k-1 
(Gra aaa = {yh(a-2) (mu, 2)}| yensk—da. 


Oyventk-1 


From this we obtain 
J u-*-1 @(u) du 
0 


—])in+k-1 co, gkn+k-1 
= | [ore {y3(a-2) ub, (u, 2)}| udP-2) dy. 
e af 80. Seer om 
4 G +k 1)! 
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On the other hand, according to the definition in Section 2.1, 


tn+k-1 
ald — {9-2 J (uy, | usiP-2) dy. 


Opventk-1 


(air-(P), 9) = 2 | 


O=U 


In that section we defined the regularization of the integral in exactly 
the same way as we have done for a u-k-1 @ (u) du. Therefore 


—])3n+k-1 
(oD (ate#-0(P), 9)). (38) 


{ u-*-1 © (u) du = : 
0 = — 1}! 
(5G +*-1)! 

From this, we may deduce, in particular, that in an even-dimensional 
space if k > $n, the 8\*-(P) function is uniquely determined by the 
quadratic form P. 

Let us now turn to the second term in (37). We have 


© gittn=1 ees 
Pied ee ®, ( 5 k, u) du 


| ao, (— 5 —k, ‘) 


~ RE du® ) 


u=0 
The functional defined by this expression is concentrated, therefore, on 


the vertex of the P = 0 cone. 
Thus 


(— ])Entk- 


1 
are Op eeE NCP) oath, (40) 
GG +#—1) 


where «‘*) is the generalized function concentrated at the vertex of P = 0 
which is defined by [see (39)] 


bas (-5-4, ‘] 


(a, p) = BL ouk Seale (41) 


Let us obtain an explicit expression for «) in terms of the derivatives 
of 8(x). Consider first the case k = 0. For this case (41) becomes 


(x, ») = @, (— 5 ,0). 
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But ©,(— 42, 0) is the constant term of the Laurent expansion of 
D(A, 0) at A = — $n. For this function we have 


a a ra+ir (4) 
(A,0) = 2] (1 —2)' tHe de¥,(0, 0) = —-———~ 2,0, 940). 
ar (a +4 +1) 


Again using the gamma-function relation I(1 — x) I(x) = a/sin 7x 
and the explicit expressions for 2,, and 2,, we may rewrite this expres- 
sion in the form 


sine (A 4°) r(—a — 2) win 
@(A, 0) = a) eo ¢(0). 
r (5) I(—A) 


If p and q are even, this expression represents a regular function at 
A = — dn. Therefore, 2,(— 42, 0) = ®(— 472, 0), which means that 


a 


(a, ») = (—1)# 7 (0). 


r(5) 


If, on the other hand, p and gq are odd, (A, 0) has a pole at A= — $n. 
Then 


(x, p) = (— 5 ? 0) = x90), 


where « is the constant term in the Laurent series for 


sin 7 ( +4) r(- — 4) es 
sin 7A r (8) rr) 
at A = — $n. Elementary calculations which we shall not go into 
here lead to 
Kk = (—1)Rern) Pra)" qin-1, 
n 
m3) ™() 
7 $(¢41) ~3n-1 
Soe Oe) (42 
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where (x) is defined as* 


Ma) = Fe. 


Inserting the expressions we have obtained for « into (40), we 
find that for k = 0 


1 
2 Ty Ei BP) + GPs BCH, (43) 
() 
where 
@ == (—1)# if p and gq are even, and 
@ = (—1hen + (6) -—¥(G)] itp and g are odd. 


Finally, in order to obtain c\ for arbitrary k, we again use the “‘lower- 
ing” formula (28). This gives 


1 
n= r@+8) [(— 1) §{¢n+k-D(P) 
e ear 2 a a )s F 
al ae 


Here the numerical coefficient @,,, is equal to (— 1)#* when p and q 
are even. Expressions for the «‘*) can also be obtained in the following 
way. Since c = res,_1,_,F% is a homogeneous function of degree 
— n — 2k, so is a), But a) is concentrated at the origin, and must 
therefore be of the form 

alt) Onl yreey =) 8(x), 


where Q,, is a homogeneous polynomial of degree 2k. 


* For integral and half-integral values of the argument, (x) is given by 


1 


1 
(Rk) = OPN se Ea 


1 1 1 
k 5) = -C—2In2 2(1 Ba: =a) 
u +5 n2+ ay 
where C is Euler’s constant (see Ryshik and Gradstein, ‘““Tables,’’ Section 6.35). See 
also E. Jahnke and F. Emde, ‘‘Tables of Functions,” p. 19. Dover, New York, 1945. 
5In Volume II, Chapter II, Section 4 we shall prove that a generalized function con- 
centrated at a point is a linear combination of the delta function and its derivatives. 
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On the other hand, «*), like P’ for all values of A, is invariant under 
linear transformations which preserve the quadratic form 
2 2 2 
P(q, ++) Xp pq) = Ht. fy — Mo41 — oe — Mpa 
Therefore the operator On,(2/0x,, ..., 2/ Oxy +4) must also be invariant 
under such transformations. Any operator satisfying these requirements 
must be of the form 


0 7) 
— k — 
Oox = Ck.p,q P ( Ox, ypeery OXipise ) 


Thus we may write 


any Go) 88) = Crp 0 L*8(2). 


at*) => Ck p.g Pe yee 
Ox, Xps¢ 


We can find ¢,.,., by using Eq. (41) with some fixed in K. 
We shall choose @ to be a function which near the origin is 


ole) = (ato pad a8 — 0. ak 


Then, as is seen from Eqs. (6) and (8), in the neighborhood of u = 0 
the function ¢,(u, tu) is of the form 


Y,(u, tu) = 2,9,u*(1 — t)*. 
Therefore according to (11) 


1 
Ou) = [2] (1 — 2) em dt 0,04) ut, 
or 
ra+k+0 (4) 
@(A, u) = —————_—__~" 0, 0.08. 
ar(A+k+3 41) 


Now ©,(— $2 —k,u), which appears in the expression for (a‘*), q), 
is the constant term of the Laurent expansion of ®(A, u) about 
A= — 4n—-k. 

To be specific, consider the case in which p and gq are odd. Since the 
coefficients of the Laurent series for 


ra +k+7r (4) 


r(a+k+5+1) 
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about A = — 7 n — kare the same as those of the Laurent series for 


ra+ir (4) 
r(a+%41) 


about A = — 4n, we may write 


n 


®, ( 5 h, u) = rat, 


where « is given by (42). Then according to (41) we arrive at 


(a, 9) =" = a lv G) — 4G) (45) 
But on the other hand 
(a), @) = Cen. L* P(*) lao - 

Now by iterating (25) k times we obtain (recall that g = P*) 

Le (x) = 2?*R! (5) 6 +1)... (5 +k—1). (46) 
Comparison of (45) and (46) gives 

2 AES ey spt 
non Sao G)—¥6) 


for odd p and gq. 
Thus for odd p and gq the @,,, coefficient in (44) becomes 


—)s(q41 
6 6 


Summing up, we have the following. If the dimension a of the space 
is even and p and q are even, P* has simple poles at A= — $n — k, 


where & is a nonnegative integer, where the residues are given by 
(—1)30+k-1 (—1)¥ a3" 


res PA = §(dn+k—-1)(P) ‘s L*8(x), 


a | (5 +2) DRI (5 + R) 
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where i “i r 

e 

b= 4+..4+—93 - woo or 
Ox? Ox® Ox? Ox? 
If, on the other hand, p and gq are odd, P’ has poles of order 2 at 

A = — 4n — k. Let the Laurent expansion of P4 about this point be 

off) of 

qi 5 2 


n n 
A+5 +2) A+5+k 
Then the coefficients are given by 
Pr ead La nam 

aR (5 + &) 
and 


pi) (=1)ie S(bn+k—1) (P) 


ga 
(—1)2a+) 7hn-1 lv 6) _ (5)| 


L¥8(x), 
RIT G it r) 


where (x) = I'(x)/I'(x). 
In addition to P’, we can also define the generalized function P’ by 


(Pg) =] (Pip ae. (47) 
~P>0 
All that we have said above about P’ remains true also for P* except 


that p and g must be interchanged, and in all the formulas 8{*'(P) 
must be replaced by 8{*(— P) = (— 1)* 8(P). 


2.3. The Generalized Function A Associated with a Quadratic Form 
with Complex Coefficients 


We have so far dealt exclusively with quadratic forms whose coefh- 
cients are real. Let us now turn to the space of all quadratic forms 


n 
P= Dd bah, (1) 


whose coefficients may be complex. 
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We set ourselves the task of defining the generalized function F’, 
where A is a complex number. In general, however, Y* is not a 
single-valued analytic function of A. But any quadratic form may be 
written in the form 


P =P, +iP,, 


and so as to remove ambiguity in A we shall deal with the “upper half- 
plane” in the space of such quadratic forms, namely with quadratic 
forms whose imaginary part 1s positive definite, and it is for these that 
we shall define A’. If a quadratic form F belongs to this ‘‘half-plane,”’ we 
shall write 


KF = exp X(In| A| +2arg PY), 


where 0 < arg Y <7. Such a function is a single-valued analytic 
function of A. 

Now with # we shall associate the generalized function, also denoted 
by #*, defined as 


(P', 9) = | P*p ax, (2) 


where the integral is taken over all space. This integral converges for 
Re A > 0, and for these values it is an analytic function of A. Then 
by analytic continuation we can define the generalized function for 
other values of 2. 

We now proceed to find the singular points of Y* for quadratic 
forms on the ‘“‘upper half-plane,” and to calculate the residues at these 
singularities. The calculations can be simplified considerably by a trick 
we shall often find very useful. 

The generalized function #* is analytic not only in A but also in 
the coefficients of the quadratic form Y. This means that #* is analytic 
on the upper “half-plane” of all quadratic forms A = P, + 1P, (or 
where P, is positive definite). But this, in turn, means that Fis uniquely 
determined by its values on the “positive imaginary axis,” that is, on 
the set of all A = iP,, where P, is positive definite. Therefore it is 
sufficient for our purposes to consider generalized functions of the form 
(:P,)*. We have, however, already solved this problem in Chapter I, 
Section 3, since it is always possible to transform a positive definite form 
into a simple sum of squares by a nonsingular linear transformation. 

Let us therefore start by assuming that P = LP ,_, g,,x,x, lies on 
the ‘‘positive imaginary axis.”” This means that g,, = ia,,, r,s = 1,..., ”, 
where the a,, are real and where L,,., 4,,%,%, is positive definite. 
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Then 
a 
(F*, ¢) = ebm | (2...) p dx. 


Now there exists a linear transformation x, = X;_, «,,%, which will 
transform Ly 21 @,5%,%, into r? = x2 + .. ate x7, The Jacobian of this 
transformation is 1/| a |, where | a| is the determinant 


Gy, +s Ay, 
jaj=|ereeeee 
any : ann 
We may thus write 
dnd 
FP 9) = — rp dx’, 
or 
esni 
(F", ~) = (3) 
v(—i* [el pie 


where | g | is the determinant of the coefficients of , and V(— 1)" | g | 
is merely the square root of the positive real number (— 2)" | g |. 

Now we have already dealt with (r?4, ~) in Chapter I, Section 3.9. 
We found there that the only singularities of this functional, and there- 
fore also of (P*, ~), are simple poles at A = — $n — k, where k is a 
nonnegative integer. For k = 0 we found 


win 
pias a 8(x). 
=— $n n 
r(5) 
Therefore 
—dani gn 
peg a 8), (4) 


A=—jn = n 
Vi eit 6) 
Let us find the residues of Y? at the other singular points. For this 
purpose we consider the differential operator 


2 


o 
Lg = Da : Ox, Ox, ) (5) 
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where the g”* are defined by 


n 
Dees 
s=1 


(8; = 1 for r = t and 8} = O for r ¥$ t). Thus || g’° ||, the matrix of 
the coefficients of Ly, is the inverse of || g,; ||. Using this fact, we may 
obtain 


Lo? = 4A +1) (r cis 5) PA. 


This relation is easily verified by direct calculation. Iterating it k times, 
we arrive at 


LEP +k — 4*(X 41)... (A 2) (r ue 5) - (r ai 5 iy ae 1) Ph 


so that 
ph oc ge (6) 
: n n 
4A +.1)...(A +2) (r +5) 2 Q+5+e- 1) 
Consequently 
res PA 
A=—jn—k 
= ——_______+_________ ; he LEP, 
4A +1)... APR) (Atn)..(A +5 +R-1 ae 
Pee ger) a 
so that, inserting (4), we arrive at 
—ani dn 
res PA = ace Se EI, (7) 


A=—jn—k 


aa +k) Var le 


Now this equation was obtained under the assumption that F lies 
on the “‘positive imaginary axis.” We must now continue it analytically 
to the entire “upper half-plane.”” The analytic continuation of Lg is 
known, however, since the coefficients of this operator are analytic 
functions of the coefficients of #Y. All that remains then is to study 
the analytic continuation of V(— :)"|gj|. The problem will therefore 
be completely solved when we are able to express this as a single-valued 
analytic function on the “upper half-plane” of quadratic forms. 
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To do this, we again write F in the form 
P= P, + iP, 


where P, and P, are quadratic forms whose coefficients are real, and 
where P, is positive definite. Now there exists a nonsingular linear trans- 
formation 


n 
x, = >; br sVs 


s=1 
with real coefficients such that P, and P, are transformed to 
Py = AQyp te + ARI 
Po =Vite + In 
The A; in the expression for P, are real and independent of the particular 


choice of transformation we have made. Thus they are invariants of 
Ff itself. We may thus write 


[el = 15 (PA, +2). An +4); 
where | 5 | is the determinant of the || 5,; || matrix, so that 
(—1)" |g] = | 2 [1 — At)... (L — Ant). 
Then the function we wish to define may be written 
V(r lal = Vib RL — Aa... (1 — Anal, (8) 
where the square roots are defined by 
Vze=|ax[teberes 7 <arge <a. 
The function defined by (8) will be the desired single-valued analytic 
function on the “upper half-plane” of complex quadratic forms. 


Thus, if 


P= > Er sXpXg 


r,8=1 


is any quadratic form with positive definite imaginary part, the general- 
ized function #* is a regular analytic function of A everywhere except 
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at A = — 4n — k, where k is a nonnegative integer, and at these 
points this function has simple poles with residues given by 


—4nni ain n k 
ON ee a Le A(x), (9) 
ee ear +4) viel eee a) 


where | g | is the determinant of the coefficients of Y, and V(— 1)" | g | 
is defined by (8). 

The lower half-plane” of quadratic forms, that is, quadratic forms 
with negative definite imaginary parts, may be subjected to similar 
analysis. If we were to do this, we would obtain the following result. 

If the quadratic form 


n 
P= P,— iP, = Dd) brsXrXs 
1 


r,3= 


belongs to the “‘lower half-plane,” the generalized function Y? is again 
a regular analytic function of A everywhere except at A = — in — k, 
where & is a nonnegative integer, and at these points this function has 
simple poles with residue given by 


~4nni wan n k 
ree. ae prs 8(x), (9’) 
a ara) vera Oe 


where, as before, | g| is the determinant of the coefficients of FY, and 
Vi" | g| is given by the analog of (8), namely 


Viele) = Vio a +A)b... (L + Ande. 


2.4. The Generalized Functions (P + i0)* and (P — i0)* 


We can now use the results of Section 2.3 to study any real quadratic 
form raised to some power 4. 


Let 


PS >» ErsXpX 


T,3= 


be a nondegenerate quadratic form with real coefficients. Then we may 
define the analogs of (x + 70) and (x — 70)’ of Chapter I, Section 3, 
which we shall call (P + 10) and (P — 10)*. 
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For this purpose consider the quadratic form 
P=P+iP', 


where P’ is a positive definite quadratic form (with real coefficients). 
It is easily shown that as the coefficients of P’ converge to zero, the 
generalized function (P + 7P’)* converges to a well-defined limit. This 
limit we shall call (P + 70)4. 

Indeed, this assertion is obvious for Re A > 0, since in this case the 
limit can be taken under the integral sign in { A*pdx. But then according 
to Eq. (6) of Section 2.3 the assertion remains valid at all points of 
analyticity of #P*.é 

Similarly, we shall define the generalized function (P — 70) as the 
limit of the generalized function (P — iP’)’ as the coefficients of P’ 
converge to zero, where P’ is a positive definite quadratic form. 

From the definition of (P + 70) and (P — 10)4 we may deduce that 
they are analytic in A everywhere except at A = — 4n — k, where k 
is a nonnegative integer. 

It is easily shown also by using Eq. (6) of Section 2.3 that at these 
points our functions have simple poles with residues given by 
ome (P +10) = lim Je, (P + iP’), 


=—tn— 


A= 


res (P —i0)* = lim. 


res (P —1iP’)4, 
A=—4n—k jn—in—k 


In order to obtain these residues, therefore, we need only find the limits, 

as P’ converges to zero, of V(— i)" | g | and Vi" | g |, where |g| is the 

determinant of the coefficients of the complex quadratic form P + iP’. 
Without loss of generality we may assume that P’ is of the form 


P’ = exit +... + x), e > 0. 
Then we can use Eq. (8) of. Section 2.3 to write 
V(—i)" |e] = (€ — A)... (e — ay), 


where the A, are the eigenvalues of P. Let us assume that p of these 
eigenvalues are positive, and g negative. Then as « 0, we arrive at 


lim V(—1)" |g | = V{ A, --- An | (—a)? ibe, 


® We shall not study in detail the special case in which A is a negative integer which 
is not a singularity of #4. We state without proof merely that at such points (P + i0)4 
has no singularities. 
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or 
lim V(—i)"[g | = etre vj A, 


where 4 is the determinant of the coefficients of P. We now use Eq. (9) 
of Section 2.3 to express the residue of F*4 at A = — $n — k, which 
yields 


—tnai 5, n 


tes, (P +10) = wart) var ee 


In a similar way 


dngi 7,$n n gz \k 
0 =) A(x). (1’) 
niet oar (E+ 8) via FF 
2 
Thus the residues of (P + :0)4 and (P — i0)4 at A = — $n — k are 


generalized functions concentrated on the vertex of the P = 0 cone. 
These new generalized functions can be expressed in terms of Pi and 
P* defined in Section 2.2 by 


(P + 10)* = Ph + em Pi, (2) 
(P — i0)' = Pl 4 e-4t Pi, (2’) 


Indeed, for Re A > 0, the functionals (P’, ~) and (P*, @) correspond to 
the functions 


ae ; where P>O, 
+ 10, where P <0; 


_ 40, where P>O, 
ne py where P <0. 


For this case (2) and (2’) follow directly from the definition of (P + 70) 
and (P — 10). But then by analytic continuation Eqs. (2) and (2’) 
must remain valid also for other A. 

We mention incidentally that it follows from (2) and (2’) that when A 
is a nonnegative integer the functions (P + 20)4, (P — 70)’, and P? 
coincide. 

We may now use Eggs. (2) and (2’) to establish the relation between 
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the residues of P’ and P* atA = — $n — k, k=0,1,.... The Laurent 
expansions of these functions about such a point are 
(xe) (x) 
A+5 +k) AFEHR 
jee oft Pat 


According to (2) and (2’) 
erp fe i0)* __ emt P eae 10) 


A 
Ee —2i sin 7A : 
_ (Pio — (P— soy 
PL = 27 sin 7A (3) 


Using Eqs. (1) and (1’) for the residues of (P + 70)4 and (P — 10), 
we find that if the dimension n is odd, as well as if m is even and p and q 
are even, c*) — ¢’*) — 0. If, on the other hand, p and q are odd, 


(—1)#¢-2) phn-1 
var (5 +h) Vi4T 


ft) — (—1ytee ty — 


LE&x), 


where 


o2 
Le = Dats Ox, 


r.s=1 


We have already obtained these results in a different way in Section 2.2. 
Further, according to (2), we may write 


A A Ai PA 
Ae Sos mcs +10) = else : Pi ios ew P*., 
so that 
s ,P + 0) = cl 4 erathnebre C1) 4 age —mtbn rene o/h), 
Inserting the expressions for the residue of (P + 10)4atA = — $n —k 


and c’*), we find that if the dimension 7 is odd, as well as if n is even and 
p and q ape even, 


—tnai yt 
res Pl 4 e-atinthi pes Ph = ek Aili ee LE8(x) (4) 


infant ia— nk aa (5 +k) Vid] 
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while if p and g are odd, 


A ~ntn+k)i a 
ie ae ee aie fa (5) 


We may note also that if m is odd, as well as if m is even and k < $12, 
then according to (2) we have 


pe ee ee (6) 


Let us assume from now on that P is in its canonical form 


eer 2 2 2 
P= xy +... $y — Mp4 oe — Mage 


In Section 2.2 we obtained explicit expressions for the residues of 
P’ and P* in terms of 8{"(P), 8"(— P) = (— 1)*8(P), and 8(x). 
Inserting these expressions into (4), (5), and (6) we obtain 


SP) — 8®(P) = cy g._ L* 418 x), 


where 
L C2 C2 C2 o2 
=—~> +..4+—5 -S= Oe Ooo 
Ox! Ox, Oxe Oxe 


and ¢,y.o,, — 0 if the dimension is odd, as well as if m is even and 
k < $n — 1. In all other cases c,.,, is easily obtained from the equa- 
tions of Section 2.2. 

Summing up, we find that if the dimension 7 is odd, as well as if n 
is even and k < 3n — 1, then 8\*(P) = 8(°(P). If, on the other hand, 
n is even, 8{(P) — 8"(P) for k > 4 — 1 is a generalized function 
concentrated on the vertex of the P = 0 cone. 

According to the general theory which we shall treat in Section 4, 
a more natural definition of homogeneous generalized functions concen- 
trated on the P = 0 surface is the following (see Section 4.5): 


8(P,) = (—1)t RI res PA 


and similarly 
dP) = (—1) R! eS Pe. 


For odd a, as well as for even nm and k < $n — 1 we have 


BP.) = 8%(P),  5(P_) = 8i%(—P) 
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while in the case of even dimension and k > $n — 1, 
bP ) — 5\)(P) and s*(P ) — 514) —P) 


are generalized functions concentrated at the vertex of the P = 0 cone. 
Equations (4)-(6) imply that if p and gq are both even and if 

k > 4n — 1, then 

(—1)3¢ 24" 


gis (k1—2)! 


(—1)* 8(P,) — 8(P_-) = Lh+1-4e 8(x) , 


while in all other cases 


80(P_) = (—1)8*(P,), 


2.5. Elementary Solutions of Linear Differential Equations 


Let us now apply the results of Sections 2.3 and 2.4 to elementary 
solutions of equations of the form 


L*u = f(x), (1) 


where L is a linear homogeneous differential operator of the form 


L o? o? o oC? 
ee 
Oxt Ox? Ox? Ox? 2 


and where & is a positive integer. 
Recall that an elementary solution of (1) is a generalized function K 
such that’? 
LYK = &(x). (2) 


Any linear differential equation of second order with constant coeffi- 
cients and only the derivatives of highest order, for instance, can be 
written in the form of Eq. (1) with k = 1. Such an equation is often 
called ultrahyperbolic. For either p or g equal to zero, such an equation 
becomes Laplace’s equation, and for p or q equal to one, it becomes the 
wave equation. 

One might naturally try to solve Eq. (2) with a homogeneous function 
(or an associated function; see Chapter I, Section 4.1), since Z and 6(x) 


7In this section K will stand for a generalized function, rather than the space of test 
functions. In later sections (see Section 2.7) the same symbol with a subscript will be 
used to denote modified Bessel functions. 
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are both homogeneous. Since a derivative of order 2k of K gives the delta 
function, which is homogeneous of degree —n (here nm = p + q is the 
dimension of the space), K would have to be homogeneous of degree 
—n + 2k. 

In addition, Eq. (2) is invariant under linear transformations that 
preserve the quadratic form 


_ 2 2 2 2 
P= +... + %5 — %41 — - — Mbag- 


We shall seek its solution in the form 


K =f(P). 
In Section 2.4 we studied (P + 10)4 and (P — 10)’, which are homo- 
geneous generalized functions of P. In addition, for A = — $n + k, 


these functions have the desired degree —m + 2k. We shall now show 

that unless n is even and k > $n both (P + i0)-*"+* and (P — 10)-#*+* 

are, to within a constant factor, elementary solutions of L*¥u = f(x). 
From the results of Sections 2.3 and 2.4 we have 


L*(P + i0)+* 
=#A41) AFH (A453). AFF +R-1I)(P +i". (3) 


Setting A = — 4n, we obtain 
3 n n r 
LP + i0)-tn+® = 4* (1 = 5) a (z = 5) (k—I)l reg (P +0) (4) 


Thus if n is even and k > 41, the right-hand side of (4) vanishes and 
we obtain 
Lk (P + i0)-2n+* =0, 
so that (P + :0)-3"** is a solution of the homogeneous equation cor- 
responding to (1). 
In all other cases, Eq. (4) becomes 
LMP + i0)-tor* = 4* (1 — 2)... (k 3) (RI Casale pe 
5) 0 5 ! . ; 
Z 


Therefore except when n is even and k > $n, both 


ebvat T (5 — k) 
K, = (—1} FR ila + i0)-i+# (5) 
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and, similarly, 
e— bri rr (5 a=: k) 


K, = (—1)* (P — i0)-3n+* (5’) 


4*(k — 1)tatn 


are elementary solutions of L*u = f(x). If, on the other hand, a 1s even 
and k > in, then (P + 10)-*"+* — (P — 10)-#"+* is a solution of the 
corresponding homogeneous equation L*u = 0. 

Note that K, and K, are complex conjugates. 

Equations (5) and (5’) are the most convenient forms for the elemen- 
tary solutions of our differential equation. We could also attempt to 
find real solutions to our problem by appropriately combining the real 
and imaginary parts of K, and K,. These new solutions, however, would 
be quite different depending on whether n, p, and g are even or odd. 

The formulas for K, and K, can also be written directly in terms of 
the generalized functions P’ and P*. 

To do this we use the equations of Section 2.4 which give (P + 20)* 
and (P — :0)4 in terms of P* and P*. If nis odd, P* and P* are regular 
at A= — 4n-+ k, and we obtain 


= — ({__1\)/k nik 7e{ — tn kt —dn+k 
(otoCy = ono ee. 
If, on the other hand, is even and k < $n, both P* and P* have 
simple poles at A = — 4n-+ k, with residues given by 
—1)in-k- 
res Pi —(—])#m-F-1 reg PA = Eilers) re sd ep, ). 
A=—dnik + A=—dntk ~ G a 1) 
2 


Let P;#"+* and P-2"+* denote the constant terms of the Laurent expan- 
sions for P! and P* about this point. Then we obtain 


elvat T (5 — ki) 

Re Ree ea 
: ie 4'(k — 1)! in 

—tn _tn —tn (—1)-#*+# mt 

P+ +k 4 (—1) tn+k Prtnt+k 4 AA 


§-*=1). 


peer. 1G 


From Egg. (6) and (7) we find, in particular, that K, and K, are linearly 
independent. The generalized function K, — K, is asolution of L*u = 0. 
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Finally consider the case in which m is even and k > 4m, We expand 
(P + 10)**+* in a Taylor’s series about A = — $2, obtaining 


(P + i0)* = (P + i0)-dnek 4 ( fp a) (P + i0)-39+* In (P + i0) +... 


Now we insert this into (3) and compare the coefficients of A + 3n 
on both sides of the equation. This gives 


L* ((P + i0)-#"+# In (P + 10)] 


= 4h — 1) 6 iz 1)1(z es 5) UA — 1! res (P + 10). 


We now insert the expression for the residue (P + 10)* at A = — $n, 
and find that when m is even and k > 4n, an elementary solution of 
Lu = f(x) is the associated function 


dn z 
K, = (—1)#e? —__*—__(p + i0)-4#* In (P + 10). 


4e (rk - AKG =i) 


Similarly, another elementary solution of this equation for this case will be 


e-bnai * 
—— (P — 10)-*"** In (P — 10). 


K, = (—1)t —_ 
k (k — —\"k — 1)! 
4 (z AKG 1)! 
It should be mentioned that these equations for the elementary 
solutions of Z*u = f(x) remain true also when L is any linear homoge- 
neous differential operator of order two, which we may write 


L=> cs 
— rs ; 
PE: OX, OX, 
In this case P is the quadratic form 
nm 
P= » ErsXp%X gy 
r,3s=1 


where &,_; £,,8% = 8! (for r, t = 1, ..., #). The expressions for the factor 
multiplying (P + 10)-3"+* and (P — i0)-#"+* should now be multiplied 
by V| 4 |, where 4 is the determinant of the coefficients of P. 
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For instance, elementary solutions of 


o2 C2 
(2 Ox, Oxy + tat) u = f(x, X2) X3) 


are the functions 
1 p 
K, = tai (2x,%, + x2 + 10)-4 


and 


2.6. Fourier Transforms of (P + i0)4 and (P — iO)? 


To obtain the Fourier transforms of (P + i0)’ and (P — 10)’, we 
shall use analytic continuation of the quadratic form, as described in 
Section 2.3. 

Let 

P = Oy} + ee + Ohh (1) 


be a quadratic form with complex coefficients, and let Im F be a positive 
definite quadratic form (in other words, Ima, > 0, s = 1, ..., 2). 
The generalized function ¥Y*, and therefore also its Fourier transform 
F, are analytic functions of the a, in the region Im a, > 0. Therefore 
in order to find P* we need only treat the case in which all the a, are 
imaginary, and we shall write a, = ib,, with b, > 0. For this case we 


have 


Pr = ehnii | (b x} a a byxn)* exp [2(%15, + -.. + %pSp)] dx. 


A suitable change of variables in the integrand transforms this to the 
form 
aS ennai 


Woe a fo exp E (*, TE +... + x, Fe dx, 


where r? = xi +... + x3. 
The Fourier transform of the generalized function r’ has already been 
calculated in Section 3.3 of Chapter II. Using the results of that section, 


we have 


ebnti itn win D (r + 5) 2 2, —i—kn 
0 
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or 
. e-tnni Din pin 1 (r +} i) 2 gs? \—A-tn 
Pe pn (= +... + <2) (2) 
V 1K, .. WV itty I —A) a n 


Now the uniqueness of analytic continuation implies that (2) remains 
valid also for any quadratic form whose imaginary part is positive definite. 
To use this expression we write the square roots appearing in it in 
the form Vz = |2 |? exp (A¢argz). Note that the quadratic form 
St/oa, +... + s%/a, has negative definite imaginary part. 

Now let us write 


2 2 2 2 
P= x +... +45 — Xpy — 0 — Xie 


Q mr st Hove 85 41 — oe Sore 
By letting the imaginary part of the quadratic form now approach zero 
in Eq. (2) and setting ay =... =a, = 1, Opyy = oe = Aig = — |, 
we obtain 


e-bnat 22440 arn ra z 5) 
)47 — — 10)\-7-3 2 
FUP +10)" Aa (Q — 0) (3) 
and in a similar way 


etna D2in 7 3n ra 4 4) 


(Q + 10)-*-4 . (3’) 


We may now use Eq. (3) of Section 2.4 to arrive, after some elementary 
operations, at 


PA = Dein int A $1) (A + 5) 
x ay femtrtor (Q —ioyebe — ardor (Q yi], (4) 
PA = —9men ate TA + ITA + ) 


x 5g ferboet (Q — s0)-HH* — ebet Q + 10), (4’ 
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It should be noted that these equations for the Fourier transforms 
remain valid also if P is any arbitrary real nondegenerate quadratic form 


n 


P= > Eapra%p- 


a, p=1 


In this case, we replace QO by 


n 
Q= BSS p1 


where Yp_1 Saag” = 8% (a, y = 1, ..., 2). In addition, all the formulas 
have to be multiplied on the right-hand side by the factor 1/V| 4 | 


where Z is the determinant of the coefficients of P. 


2.7. Generalized Functions Associated with Bessel Functions 


We shall now turn to a class of functions P4f( P,A), where f(z, A) is 
an entire function of 2 and A, and ¥F is a complex quadratic form with 
positive definite imaginary part. These generalized functions are defined 
for Re A > 0 by 


(PIP, r, x)) = | PHP,» oe) de. (1) 


For Re A > — 1, obviously, A*f( A, dr) is an analytic function of A. 
Its definition can be extended by analytic continuation to other values 
of A. The functions P4ln™ Af P, A) may be defined analogously. 

It is easily shown [starting, for instance, by expanding f(z, A) in a 
power series in 2] that for every real quadratic form P the limit 


(P + i0)Y(P +10, A) = Jim (P + iP,)f(P + iP,,) (2) 


exists, where P, is a positive definite quadratic form. 
In complete analogy one can define the generalized function 


(P —i0)*f(P — 10, A) 


for any real quadratic form P. 
Obviously if P is positive definite, then 


(P + 1i0)4(P +10, A) = (P —i0)*f(P — 10, A) = PY(P,2). 
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Moreover, since for all positive integral values of m we have 
: (P +20)" = (P —10)" = Pr», 
it follows that 
f(P +10, n) = f(P — 10, n) = f(P, 2). 
Now let us write the generalized functions (P + 70)f(P, A) and 


(P — 10)*f(P, A) in terms of P’ and P*. For this purpose we use the 
relations, developed in Section 2.4, 


(Pe Perr, 


(P — i0)' = Pt + etmpa, 
Since 
P*f(P,A) = P*f(P,,a) and —s P4f(P, A) = P*f(P_,A), 

we obtain 

(P + i0)'f(P, d) = Pif(P,, a) + &*PAF(P_, a) (3) 
and 

(P —i0)'f(P, A) = PAf(P,,) +e * PAP, »). (4) 

The class of generalized functions we have defined is quite large. 

In it, in particular, are generalized functions such as ##*J,( P4) 


and P-#'J,( Pt), where J,(z) is a Bessel function. This is easily seen 
by making use of the power series expansion 


A © (=1)* é)" 
34 ~@) Yarace cD (9) 


m=0 


for the Bessel function. 
In addition to J,(z) we shall consider also N,(z), H{?(z), H(z), 
I,(z), and K,(z), which we define for nonintegral A by 


Nil2) = sy [eos bnl(2) — J-a(2)] 
H(z) = J,(z) + 1N,(), 
H(z) = J,(2) — iN,(2), 

I(2) = et J,(iz), 

K,(2) = 75 5- [LAlz) — LO]. 


For integral values of A these functions are defined by convergence in A. 
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Power series expansions for N,(z*), H{” (24), H‘® (24), (2%), 
and K,(z*) for nonintegral values of ) are easily obtained from Eq. (5) 
and the definition of these functions. It is then found that all these 
functions belong to the class we have defined at the beginning of this 
section, which makes it possible for us to define generalized functions 


such as K,[(P + 70)*], (P + 70)-#4 K,[(P + 70)#], and others. 


2.8. Fourier Transforms of (c? + P + i0)4 and (c? + P — i)? 


In Section 2 of Chapter IIT we already saw that the Fourier transforms 
of the generalized functions (x? — 1)’, (1 — x?)4, and (1 + x?)4 can be 
written in terms of Bessel functions. Here and in the next section we 
shall show that this is also true of the Fourier transforms of their 2-dimen- 
sional analogs (c? + P)* and (c? + P)*. 

We start by considering the generalized function (c? + P)* for a 
positive definite quadratic form P. The Fourier transform of this general- 
ized function for Re A < — $72 is given by 


Fi(c? + Py] = | (2 + PY ef” de, (1) 


where (x, s) = x45, + ... + x5. 

Let us first consider the case in which the canonical form of P is 
Ln-1 *2. Clearly in this case the generalized function F[(c? + P)*] 
depends only on | s|, the magnitude of the vector s. Therefore without loss 
of generality we may assume that the components of s are given by 
s = (|s|, 0, 0, ..., 0), so that the integral in (1) becomes 


J (c2 + | x [2)4 etm l8! de, (2) 


where Red < — dn. 
We shall perform the integration in (2) by going to polar coordinates. 
After integrating over the angles g,, ..., ~,-, and using the fact that 


= UV 2)" 


res 


we arrive at 
2(V2r)n 


a 


CO pr 
| J (c? ae a e@? |s|COSH gy r—2 grr} dp, dr. 
0 “0 
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Now it is known that 


oe em be 
| eT |s|COSe, ginn—2 ?1 dp, — 
0 (“+ r | (oo ae 


and that 


Fant | $ I), 


2 A+1 canta 


j. rin? + rt) Jy rs) dr = Gee Troy Kinule ls, 
Therefore for Re A < — $72, the integral of (2) becomes 


A41(4/9q)n c \anta 
KG + |x |?) etl dx = vee G7) Ky, ale | s|). (3) 


For other values of A Eq. (3) remains valid by analytic continuation in A. 
In order to obtain the expression for the Fourier transform of any 
positive definite quadratic form, we need only rewrite (3) in the form 


A4+1( 4/977) c \an+a 
VA fe + | x |?)4 e**9) dex = ee (7) Ky, .4(€1 51) (4) 


(note that the determinant of the coefficients 4 = | for the quadratic 
form | x |? = Ly-, x2). Now »/d dx remains invariant under a coordinate 
transformation that carries | x |? into P = Dppa1fer%-X;, and the 
square of the length of the dual vector s becomes Ly.,-1 g**5,5, 
(O = Lh g*5,5, is the quadratic form dual to P = Ly pas SerX_Xz)- 
Thus under such a coordinate transformation Eq. (4) becomes 


DV Amy cher Kn lO) 


2 A pila, 3) en 
VA | (ct + Piette” de a cee 


Our result may be summarized as follows. 
Let P be a positive definite- quadratic form, and let Q be its dual. 
Then the Fourier transform of the generalized function (c? + P)? is 


AMY V Ome cintt Kyu s(eQ?) 


F[(c? + P)‘] = T(—a) Va Oddn+a 


(5) 


where Z is the determinant of the coefficients of P. 
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Now let P be any real quadratic form. We wish to consider the 
generalized functions (c? + P + 10) and (c? + P — 10)’ defined by 


(2 + P +10) = lim (# + P + ieP,) (6 
and 
(2 + P—i0) = lim (c? + P—teP,), (7) 


where ¢€ > 0 and P, is a positive definite quadratic form. The existence 
of the limits in (6) and (7) was established in Section 2.4 for c = 0, 
and the existence for c ~ 0 follows from the absence of singular points 
on the c? + P = 0 hypersurface. 

If the quadratic form ¥F lies in the “‘upper half-plane,” its dual 2 
lies in the ‘“‘lower half-plane.” Therefore according to the uniqueness 
of analytic continuation, Eq. (5) implies that 


24 V2e)n cint* Kya [(Q — i0)4] 


Ty Va (Q 10K (8) 


F{(c? + P +.10)'] = 
Here by «1/4 we denote the analytic continuation from the sheet on 
which this function is positive for positive definite quadratic forms.® 
We mention that V4 = V| 4 | e?#* if the canonical form of P has q 
negative terms, 
Similarly, it can be shown that 


WV 2m)" c8M+4 Ky, [(O + 10)8] 


eres T(r V4 (QO + iy 


(9) 


In this case V4 = V| 4/| e-9', where again g is the number of 
negative terms in the canonical form of P. 

Let us now express F[(c? + P + 10)*] and F[(c? + P — 70)*] in terms 
of QO, and Q_. By using the power series expansion for K,(z) and Eq. 
(4) of Section 2.7, we arrive after some simple operations at 


Fil(c? + P + 20)’] 


Qardnsl atn e—tani -Artn KisaneQ?) mt H? 4,(cQ?) | 


T(-r) vi 4| 2 oo 


QRA+En) + 2 QtA+tn 


§ Similar analytic continuation was studied in detail in Section 2.3, and we shall not 
go into it again here. 
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and 
Fi[(c? + P — 10)] 


Datdnt1 ohn aia eal | Kys4n(cQ?) = mm H® 4,(cQ2) | 
T(—d) Vj 4 | 


QR +hn) 2  QhAttn) (11) 


Equations (10) and (11) can be considerably simplified if P is definite. 
If P is positive definite only the first term remains in the square brackets, 
while if it is negative definite, only the second term remains. 


2.9. Fourier Transforms of (c2 + P)* and (c? + P)* 
Let us now turn to the generalized functions (c? + P)* and (c? + P)?. 
They are linear combinations of (c? + P + 70)4 and (c? + P — 10) 


of the previous section. Their Fourier transforms are therefore linear 
combinations of the Fourier transforms of the latter, namely, 


Fe + PY] = got fe R(t + P + i0)'] — eR + P— iO} (1) 


and 


FU + PY] = — 5 te + P+ iO) — Fe +P iy.) 


Inserting Eqs. (8) and (9) of Section 2.8, we obtain 


F[(c2? + PY] ee Dardn jpdn—1 chnsa 
(A + 1) Vi Al 


Kynsale(Q i 10)?] Ky,aL(Q a i0)3] 


—i(A + Vee ee eis ee ee ee, 
meee (OQ — i0)#4+4) cis (O + i0)Ha+dm) (3) 
and 
Fl? + Py] Dastn jytn-1 chn+s 
IA + 1) V/|4| 
— i0¥* \\4 
x \e-tani Kynal(Q — 10)"] __ ghani Kynsale(Q + 10)?] (4) 
(O — i0)24+d") (O if 10)h(4+dn) 


The generalized functions on the left-hand sides of these equations 
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can be expressed in terms of Q, and Q_ by using Eqs. (10) and (11) of 
Section 2.8 in Eqs. (1) and (2) of the present section. This leads then to 


2 
Fl(c? + - Py] _ DAtdntd ghn—1 chnsA = q Ky, 4n(cQ;) 
atl) vial ana? Q# asim 


Jrsan(cQ?) 
Q#A+4n) 


a | a, J-ian(Q2) 
aa Oe [sin (A + $9) + in bom lt ©) 

In this formula p denotes the number of positive terms in the canonical 
form of P, and p + q = n. The expression for F[(c? + P)*]/I(A + 1) 
can be obtained from that for F[(c? + P)i]/[(A + 1) by replacing 
sin (A + 449)” by — sin dqz, and sin 4pm by — sin (A + 4))x. We 
then get 


FU(@ + Py] Deettardet chet) Kasun(e OF) 


_ 5 81N 9 
(A +1) J] 4| 297 Qian 


Ja sin(CO®) 
QR Attn) 


WT 


, J-1-anleQ4) 
a oe aero | 

(6) 

By setting c = 0 in Eqs. (3) and (4) we obtain Eqs. (5) and (6) of 

Section 2.6 for P4 and P*. Special cases of all these formulas are the 

ones we obtained in Chapter II, Section 2.5 for the Fourier transforms of 


(1 — x?)4, (1 + x?)4, and (x? — 1) 


reer eee eee 9 
2 sin (A + 4n) a [sin is 


2 A 2 A 
G+ +m 


EE as A. 
TA +1) a Tat for Integral 


2.10. Fourier Transforms of 


Fourier Transforms of 6(c? + P) and Its Derivatives 


The Fourier transforms deduced in Section 2.9 for (c? + P)’,/T(A + 1) 
and (c2 + P)/I(A + 1) require further study for integral values of A. 
This is because 

KyraldQ +104) Kjnaaled — i0)h 
(O + iodo (Q — jovi 


have poles at such points. 
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Now the first of these is defined by the expansion 


Kyn4a[e(Q + i0)?] = m(c/2)3n+4 
(O + i0)R(dn+4) 2 sin (4n +. A)a 


(ay tneem() 4 i0)-*dnm 
Pe ees ee ean 


. (c/2)?"(Q +10)” 
=D) arr aa Gari (1) 


But according to Section 2.4, (0 + i0)+ has a pole atA = — 4n—k 
with residue® 


dn gt an a/| Al n 
“A\A e~ 7 
SES 4*RIT (an oD viel Brt Be _ im) (8). 


r,t=1 


Therefore the generalized function of Eq. (1) has poles at A = t, t > 0 
with residues given by 
Kyn,ale(Q =f i0)?] 
res. 
a=t (QO + i0)Ran+4) 


(1) wh (o/2)-¥ e-tet VFAT gh (=1)(6/2)-* 
= o>) 


~, 4mi(t — moe (2) 


where we have written 


(in calculating the residue we again use [(x)I(1 — x) = z/sin 7x). 

Let us now find the regular part of the generalized function of Eq. (1) 
at A = t. This is easily done for odd n. In this case the regular part at 
A = t is the sum of two terms, the first of which is given by the series 
in Eq. (1) for A = ¢, in which (QO + 10)-!-2"+™ for m < t is understood 
as the regular part of (0 + 10)’ at’ = — t — 4n-+ m. The second 
term is of the form Ynoo %mBms Where 


Bm = <P” (¢/2)9m-40 (¢/2)" i= 


male +4n —m)ii- 


® The determinant of the coefficients of Q is 1/4, where 4 is the determinant of the 
coefficients of P. 
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We shall denote the total regular part by 


Kn l(Q + i0)4) 
(On 


The situation is somewhat more complicated for even n.° In this case 
we shall define the generalized function of Eq. (1) at A = t as the sum 
of two terms, the first of which is again ©, %mBm, but the second of 
which is now 


c(Q + 20) 


Ty n4e(Q + #0)*] 
lee ieee Wika Cee 


(O + i0yiin+ 


(SSeS Cle 1) 
+ Z (5 at (gn +t—*m)! 


~ 


(5) @ +0) 


gE Se Okie. © 


2 at, mtn +t—m)! 


where y is Euler’s constant, and hm ee oe 
As above, by (Q + i0)-™ for m > in we ee mean the regular part 
of (0 + 20) at A = — m. The ee function 


Kine [(Q + i0)] 
(Q + idyian+o 


is now equal to the regular part of 


Kinsa [e(Q + i0)4] 


(O + i0)Hin+) (4) 

at A = t. 
Let us now consider the same generalized function for negative 
integral A = — t. In this case it is defined by Eq. (1) with A = — t 


for odd n, and by Eq. (3) for even n. 


Similar results are obtained for 


Kjnsale(Q — 10)4] 
(OQ — i0)han+4) 


1° For even 7 the expansion given in Eq. (1) to define our generalized function loses 
meaning. 
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except that the residue at A = t¢ is 


Kynsa [OQ — i0)?) 
int (O — i0)2(4n+4) 


— (Vtrin(efaye et VIAT Ss (=1y/2 "gy 
2 


at 4mmi\(t — m)! ° 


We can now proceed to a consideration of the generalized functions 


F@ +P] 4g | PUA + PMY 
Ta +1) TA +1) 
for integral \. If A = — t, where t is a positive integer, the left-hand 


side of Eq. (3) of Section 2.9 becomes 6-(c? + P). This means that 


t 


F[8t-(c2 + P)| = (—1)¢+2 5 : Qbn—t -,4n-1 -tn-t 


vig Kantl(Q—i0)*] — Kyns[e(Q + 10)4] 
m le (QO — idyin-9 =e (O + i0)3(n-9 | (6) 
In particular, 
F8(c? = a ac)en-1 
Be + PM = — Fa One) 
ten KinalQ—i0 4 Kyra [o(Q + 10) 
~ |-e : (O = i0)24n—1) ef (O ait i0)8(an-D) | (7) 


As for positive integers t, we have 
Kin lQ +i) i Kjnye lA + 20)h 
(O + iQ) n+) ; one (O + i0)2(4n+8) 


where c, denotes the residue of Eq. (4) at A = t, and the omitted terms 
converge to zero as A —> ¢. Similarly, 


Kynya [<Q _ i0)?] — Cy Kynit [<(Q = i0)?] 
(0 —i0yters Qt (O — idysan+) 


where cy is the residue at A = ¢. 
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Inserting these expressions into Eqs. (3) and (4) of Section 2.9 and 
going to the limit as A —> ft, we arrive at 


Fl(c? + P)‘] as Jt+tn zAn—-1 pdnit 


Mt+1) Vj 4] 
“ton Kirst [e(Q — 10)*] oa Ktnse [(Q + 10) 
‘ - — (Q — ioyhanto , coe tome (8) 
and 
Fl(ct + PY] a 
——__—_—— = (— ]) +172 t+ 22, 20-lpan+t 
I(t fe 1) = 1) 142 7 
x [e-box Kynsele(Q — 10)F) = exani Pranee\) 
(Oo — i0)34n+0 (O + jo)Han+o 


+ (2a > ee L™8(s). (9) 


4™m!(t — 
According to these equations, 
F(@ +P) _ pp oe an a ae 
3. Homogeneous Functions 
3.1. Introduction 

We have already dealt with some types of homogeneous generalized 
functions in Chapter I (Sections 3 and 4), as well as in Section 2 of the 
present chapter. We now wish to consider arbitrary homogeneous 
generalized functions of any degree in m dimensions. We recall that a 


generalized function f(x) = f(x, ..., x,) is called homogeneous of degree 
if for any a > O we have 


Sex, 005 2X _) = off (44, 0045 Bn) (1) 


or, which is the same, 


(7, : (= sites =n) = Ft f, (x4, «0; Xp))- (2) 
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In particular, to every ordinary homogeneous function f(x) of degree A 
with Re A > — n, continuous for x 4 0, corresponds the generalized 
function 


(fe) = | fl) le) dx, - 


which is also homogeneous of degree X. If, on the other hand, f(x) is 
an ordinary homogeneous function of degree A with Re A < — gq, its 
singularity at the origin is nonsummable, and it is not clear that there 
exists a regularization which is also homogeneous and of degree A. 
We shall therefore call such an ordinary function formally homogeneous. 

We shall later need to make use of the following property of homoge- 
neous generalized functions. 


Theorem. A generalized function f is homogeneous of degree A 
if and only if it satisfies the Euler equation 


> x; & oo Af. (3) 


Proof. Note first that when applied to any g(x) in K this equation 
becomes 


—(f, 2) =r, ©) 


t=1 


or 


n 


(FY nZE) = 0 +m 9), (4) 


i=1 


Let us assume that f is a generalized homogeneous function of degree A, 
and thus satisfies Eq. (2), which we differentiate with respect to «. It is 
clear that on the left-hand side the differential operator may be applied 
to m, and we obtain 


Be We: OO e. 
HS Boe son) <0 mK itd 
In order to obtain Eq. (4) now we need only set a = 1. 
Conversely, let f be a generalized function satisfying Eq. (4). Consider 
the fraction 
(A, P(%1/4 +++ %n/)) 


oft+n 
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for « > 0. Differentiating this with respect to « and using Eq. (4), we 
find that the derivative vanishes. This means that 


Ff, (1/04 ++) %n/e)) (Ff, p(y +++) Xn) 
1 +] 


mith = const = 


or f is homogeneous of degree X. 


3.2. Positive Homogeneous Functions of Several Independent Variables 


Consider a continuous homogeneous function of the first degree in 
the variables x,, x,, .... %,, and assume that this function is positive 
everywhere with the possible exception of the origin. An example of 
such a function is r = Vx? + x2 +... + x2 or more generally 
P1/2™(x,, xg, «+» %,) Where P is a positive definite form of degree 2m. 
We shall denote this function by f(x,, x,, .... x,) = f(x), and consider 
the generalized function 


(F(x), ox) = | Fe) ox) dx. (1) 


for Re A > — n. Here (x) = o(x,, xg, -.., %,) is, as usual, a function 
in K. It is easily shown that for those values of 4 for which the integral 
converges, Eq. (1) defines a homogeneous generalized function of degree 
A analytic in A. We shall show now that /* can be analytically continued 
to the entire complex plane except for the points 1 = — n — k, 
where k is a nonnegative integer, where {4 may have simple poles. 

The generalized function so obtained will be the regularization of 
J f'padx (see Chapter I, Section 1.7), and since for A > — n this regulari- 
zation coincides with the ordinary integral, we shall maintain the notation 
f fede. 

To prove the assertion in 2 dimensions, let G be any region containing 
the origin, let I” be its (smooth) boundary, and for Re A > — n write the 
integral of (1) in the form 


(Fie) = | PC) [ele) — 9(0)] a 
: + J SH) ee) dx +90) J Pde (2) 


(here R—G is the complement of G). Now we may rewrite the last integral 
on the right: since f*(x) is homogeneous of degree A, we have 


Ye FO = ree) 
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so that 
io f(x) dx = 12 I. Xi oe dx. (3) 


Now we may integrate each of the terms on the right-hand side (that 
is, the kth term with respect to the kth variable) by parts to rewrite it 
in the form 


: i f(x) [xy dxy ... dx, — X_ dx, dxg ... dXy 


+... + x, dx, ... dX__1] — < I. f(x) dx, 
so that 


l 
J PO) ae = ry | PU tg a ity ae tat ye die 4) 
Inserting this into Eq. (2) we have 


(Fre) =| Pelee) — oO de +f Ale) ols) ax 


ae oO. is f(x) [1 dxq ... AX p_ ~~. Hy dy... A%p_y]. (5) 
Now /*(x) is homogeneous of degree A, and g(x) — (0) has a zero of 
first order at x = 0, so that the first integral on the right-hand side 
converges for Re A > — n — 1, while the second and third converge 
for all A, since the integrals are taken outside a neighborhood of the origin 
and g(x) has bounded support. Thus (5) is meaningful for Re A > 
— n— | and defines a generalized function analytic in A whose first pole 
is located at A = — n. Note that the location of the first singularity 
depends on the dimension. 

Thus Eq. (2) is an explicit expression for the analytic continuation of 
Sf(x)o(x)dx into ReA >—n—1, A 4 — n. Before extending this 
analytic continuation, let us study the residue at A = — n, which is 
of some importance. From Eq. (5) it is clear that this residue is 


Xy AXe... AXy — «6 HX, de, ... AXp_y 
a (6) 


Henceforth we shall briefly denote the differential form 
Xy AXy «1. UXp — Xq dX, dXq ... AXp_ +... + Xp Ay... AXp_y 


by w. It is easily verified that if o is a hypersurface, then nm“! [,w is the 
volume of the cone whose vertex is at the origin and whose base is o. 
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Remark. Let us assume that I is given by an equation of the form 
P(x) = 1, where P(x) is asupplementary homogeneous function of degree 
one; we may then show that w is related to the surface P(x) — 1 = Oin 
the sense of Section 1.2. To prove this we need only verify that at points 


on I’, 
dP + w = dx, ... dxX,. 


Thus we multiply dP = @P/0x, dx, + ... + OP/éx, dx, by the expres- 
sion for w. Using the anticommutation rule dx,dx, = — dx,dx,, the 
left-hand side becomes 


Ge Hy fb. + i xn) Ax, ... AXy. 


Now by Euler’s theorem the expression in the brackets is just P, and 
by definition P = 1 on IL. 

Returning to the residue of f f*(x)p(x)dx at 1 = — n, we may write 
it briefly in the form 


00) | Fay: (7) 


Since this is the residue of an analytic function, it cannot depend on I. 
Therefore the integral in (7) is determined by the values of f-"(x) in 
any neighborhood of the origin. 

We shall call J w/f"(x) the residue at the origin of the ordinary homo- 
geneous function f-"(x) of degree — n.[We emphasize that this is not the 
same as the residue of the analytic generalized function f4 at A = — n, 
which is this integral multiplied by 6(x).] If this residue vanishes, the 
analytic generalized function f(x) has no pole at’ = —- n. Then accord- 
ing to the fifth property of homogeneous generalized functions listed in 
Chapter I, Section 3.11, Eq. (5) defines a generalized function which is 
homogeneous of degree — m at A = — n. We shall make use of this 
fact in the next section. 

The residue at the origin of a homogeneous function of degree —n 
has a relatively simple geometric meaning. This may be seen by choosing 
I’ to be the closed surface whose equation is f(x) = 1. We may then 
write the residue in the form J. w. Since fw is m times the volume of the 
cone whose base is o, it follows that the residue of f-"(x) is nV, where V 
is the volume of the region f(x) < 1. 

Let us now proceed to extend the analytic continuation of the integral. 
As before, by adding to and subtracting from (x) higher terms in its 


1It is left to the reader to prove this statement. 
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Taylor’s series, we arrive at a formula analogous to (5) which will give 
the analytic continuation into Re A > — n — k — 1. To do this we 


need only use the homogeneity of /*(x)x% ... x% to transform integrals 
of the form 


| f(x) x21... 2% dx, 
G 
into surface integrals over the boundary I’, as we have already done for 
| F(x) dee. 
G 


The final expression so obtained will be 


[_ Pe) o@) dx 
G 
= I a yt, —_ 2 0) 
= [ Pe) [o(x) = ¢(0) a9 At 2, = My). i eae dx 
+f Fx) ole) de 
R-G 
. l om w) Ase) seta... og 
+ Dana rf n+ m) ee Ox oa =a f (x) x 1, ~X, mW, (8) 
This equation shows that f f(x)g(x)dx is an analytic function for 
Re A > — » — k — 1 except atA = — n — m, where m = 0, 1,..., R 
(at 1X = — n — k — | the first integral fails to converge), where it 
has simple poles whose residues are obvious from Eq. (8). In particular, 
the residue of the generalized function f(x) at A = — n — mis 
(~1)” 08 (x) Re ti dene 
seem Secs ay get celaioc 9 
m\ Oboe + Oy=m Oxf att oxen r f"n(x) : ®) 


Thus, for instance, we obtain the following results: 


Jim +m) Fe) = 5) | ae: 


slim 0 at DP) =~ 32 fats —~ ae 


and similar expressions for the other singular points. 


3.2 Homogeneous Functions 301 


Now the integral 
ar cece” 


r ftm(x) 


is independent of the choice of I’. If we choose this surface to be 


f(x) = 1 again, the integral becomes f,_, «% ... x%ew, and this is 
equal, up to a factor, to one of the mth moments of the region bounded 
by f= 1. 


This may be proved, for instance, as follows. Consider the moment 
f= J x%1 .., Xn dx 
F< 


of the region f < 1. On this region we introduce the new coordinates 
u, = f, Uy, ..., U, With Jacobian D@) + O. In these coordinates 


x 
dx = D(") du, diy... du. 
Let us write 


w= D(*) duty ... dun. 


On f = | this differential form is the same as the w already defined. 
We may then write J as 


1 
— lo 4 le 4 
= | i xe... xn w de, 
0” f=e 


Obviously the inner integral is a homogeneous function of its argument 
c of degree a, + ... + a, — 2+ 1. This means that 


0 — pO) 4...40,—N41 to o 

| HTT oes Xn = c%1 n J HTD... KOnewy 
fHe f=1 

and 


1 
C= | x... KE nex) i) E%1t Faas] de, 
fel 0 


so that 


1 
XH 1, XEN dx = 5 | X41 00. XE nw, 
foes 1 m a+... ta,—n+2 f=l 1 ud 


Thus the residue of the generalized analytic function f(x) at A = 
—n—m is a linear differential operator of order m with constant 
coefficients applied to 6(x). The coefficients of this operator are, up to a 
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factor independent of f, all the mth moments of the region bounded by 
the f = 1 surface. 
In analogy with what we have done before, we shall call the intergals 


On 


ay 
ere _ 
[yeaa © Oy +. + &, = M, 


the residues at the origin of the ordinary homogeneous function f—-"—™(x) 
of degree — n — m. The residue of the generalized analytic function 
f(x) at A = — n — mis a linear combination of the above residues with 
coefficients 
(—1)" — a™8(x) 
m! Ox% oes Oxen : 


If all the residues of the ordinary function f-"—™(x) vanish, then according 
to Eq. (8) with A = — n — m, to this function corresponds a homogene- 
ous generalized function of degree — n — m. We shall make use of 
this fact in Section 3.5. 

To calculate the generalized function f* for ReA < — n, Eq. (8) 
can be replaced by a more convenient and symmetric expression. For 
this purpose, note that for Re A < — mn — k, an integral of the form 


hi; CG f(x) x0 0. win dx, oy fu $y =<, (10) 


converges. Now the boundary of R — G is the same surface I” that 
bounds G, except that the orientation is opposite. If we therefore trans- 
form Eq. (10) to a surface integral, we obtain 


1 


A % = CO ee eeS*——- 
[fet xen dx aw ck 


J (x) x21... wn, 

r 

Let us use this expression to replace the surface integrals over I” in 
Eq. (8) by volume integrals over R — G. Uniting all the volume in- 
tegrals thus obtained, we arrive at the representation 


[ FO) ox) ax 
= JP) [o)— 9) — js se ge a] ae 


for our functional, a representation valid in the strip —» —k—1 < 
ReA < —n—k. 
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It may be noted that given any ordinary homogeneous function 
@(x) of degree A (not necessarily of definite sign) with a singularity 
only at the origin, Eq. (11) can be used to regularize the integral 


[ P(x) oe) de 


for —n—k—1<ReA<—n—k. 

The functional obtained in this way is a homogeneous generalized 
function of degree 4. Thus every formally homogeneous (ordinary) 
function ®(x) of degree A with A 4 — n — k can be put in correspon- 
dence, using Eq. (11), with a generalized homogeneous function of the 
same degree, the regularization of ®(x). Now a homogeneous function 
of any degree with a singularity only at the origin is determined by its 
values on any closed surface I’ which intersects avery ray from the origin 
at only one point. We may thus conclude that every continuous function 
on such a closed surface can be put in correspondence with a generalized 
homogeneous function of degree A for A 4 — n — k. 


3.3. Generalized Homogeneous Functions of Degree — n 


Consider the (ordinary) formally homogeneous function ®(x) = 
D(x1, Xg, -.., X,), not necessarily of definite sign, and of degree — n. 
Let this function have a singularity (that is, a point of local nonsumma- 
bility) only at the origin. We shall define the corresponding generalized 
function, and thereby regularize the divergent integral 


[ 20%) oe) dx, 


by choosing an arbitrary region G containing the origin and writing 


[ M2) oe) dx =f P@)le=)— Olde + f Pe) oleae. (I) 


The regularization of our integral defined in this way depends, of course, 
on the choice of G. Let us denote the generalized function so obtained 
by ®|,, and study the way it behaves when G is replaced by some 
other region G,. It is immediately obvious that if G is replaced by 
G, C G, the functional we obtain will differ by 


0) J x) dx 
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from the original. Thus 


P lg —P lg, = A(x) |__ Ma) de. (2) 


Since Eq. (2) implies that the difference between ® |, and ® |, is a 
homogeneous generalized function of degree — n, it follows that the 
homogeneity or inhomogeneity of the generalized function defined by 
(1) is independent of the choice of G. 

We may now ask under what circumstances the generalized function 
defined by (1) will be homogeneous of degree — n, that is, under what 
circumstances we have 


(o(9) -@n 


Before proceeding with the calculation, let us compare our Eq. (1) 
with Eq. (5) of Section 3.2. If we write © = f in the present Eq. (1), 
where f(x) is a positive homogeneous function of the first degree, we 
shall obtain Eq. (5) of Section 3.2, except that {,f-" (x)w, the residue 
of f-"(x), is replaced by zero. But the vanishing of this residue is necessary 
and sufficient for the generalized function f(x) to have no pole at 
’ = — 4, or, as mentioned in Section 3.2, for Eq. (5) of that section 
to define a generalized homogeneous function of degree — nmatA = — n. 

We shall show now that in the more general case a similar condition 
is necessary and sufficient for the generalized function of Eq. (1) to 
be homogeneous of degree — n. 

Consider the integral 


J, fo) oo] a+ J, eer») 
in which we transform the independent variables according to x,/a = x,, 


and let aG denote the region obtained from G by this similarity trans- 
formation. We then have 


[,oeyfe(@) eo] a+ J, tne Ga 
=[ Pex) — pO] dx + [ — O(x) g(x) dx + (0) { B(x) ae, 
G R-~G G—aG 
It is clear that f ®(x)p(x)dx will be homogeneous if and only if 


J D(x) dx — 0 
for all a. oe 
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Let us restate this condition. We do this by introducing into G — aG 
the coordinate system p, wu, ..., U,_1, where p = 1 and p = « are the 
equations of I’ and al’, respectively, and where the u; are coordinates 
on the p = const surfaces. 

Now write x, = px, Then 


My Me sk Re 


dx, vee dXn, = D 6 u, eee Up_y 


) dp du, ... duy_, 


= p" do(xi dxy... dx, — x5 dui dx... dx, +... + xf dxi... dxi_) = p™ dow, 


where the differential form w is on the p = 1 surface. On the other hand, 
P(x) = p-"O(x’). Thus 


= P(x) dx = fp? { P(x) wo = Ina | ‘ P(x) w. (3) 


Consequently the regularization of Eq. (1) for the integral of the 
formally homogeneous function P(x, ..., x,), namely, the generalized 
function ® |g, is a homogeneous generalized function of degree — n 
if and only if 


| eo= 0 (4) 


If this condition is not fulfilled, © |g is not homogeneous, but will be 
seen to be an associated generalized function. 

We shall call the integral of Eq. (4) the residue of ®(x) at the origin 
(this is now a generalization of the definition of Section 3.2). Consequently 
the generalized function (1) will be homogeneous of degree — n if and 
only if the residue of ®(x) vanishes at the origin. 


DIFFERENTIATION OF HOMOGENEOUS FUNCTIONS OF DEGREE —n + 1 


In Chapter I we encountered more than once situations in which an 
ordinary locally summable function / is differentiable everywhere except 
at isolated points and such that the derivative is not a locally summable 
function (so that it would be more correct to call it the formal derivative). 
We did not at the time have a recipe for calculating derivatives of arbitrary 
order in the generalized sense, and every time we dealt with a different 
function we had to go through a separate procedure. For instance, in 
Chapter I, Section 2.3 we calculated the Laplacian of 1/r in three 
dimensions essentially by going through the usual classical considera- 
tions involving eliminating a neighborhood of the origin and applying 
Green’s theorem. Such a procedure is in a certain sense reproduced by 
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the following equation, which we shall first state and then prove. Let ® 
be an ordinary locally summable function of degree — m + 1. Then 


OD (= 
Ox,  \ Ox, 


) $ (AIH? 8%) oo te) [| Ode, deny dtegy dey. (5) 
G r 


Here 0®/0x,; on the left-hand side is the derivative of © in the sense of 
generalized functions, and (@@/0x,) |g on the right-hand side denotes the 
generalized function corresponding to the formal, i.e. ordinary, deriva- 
tive of ®. Here I is the boundary of G. 

The proof of Eq. (5) follows. We have 


(=, ) = —(9, *) = J P(x, oon x) SP ws Fe) gy, san Oy 


x, LPs sess Xn) — PD, ..., 0)] dx, ... dx, 


0 dx, ... AXp. 


= az D(x), .. 
Fc sees Xp) 


Here R — G is the complement of G. 
By integrating by parts we obtain the functional ( (0®/@x,) |g, ¢), 
and all the integrals over I’ will cancel except 


(—1)=1 9(0) D dot oo. dX p4 dite gy so d%qs 
rT 


But this then proves Eq. (5). Now the left-hand side of that equation is 
independent of G, so the right-hand side must be also. The reader may 
verify this directly. 


Example 1. We assert that 
eo 2\-+ _ 
(sa + er) In (x? + y2)-t = 2n8(x, y). (6) 
We prove it by noting first that 


24 42)-$ — 
This is a valid equation both in the sense of ordinary and generalized 
functions, for x(x? + y?)-! is locally summable. Now proceeding by 
Eq. (5), we obtain 


o* pe Oy es ae ee x dy 
wa at tort = oe = (Gar) |, — 82) | cae 
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Similarly, 


te y? — x y dx 
Zein (at +924 = (Gar) . + 8(x, y) he rere 


Addition of the last two equations gives 


Oa ye. 


(2 4 Fy nce ayy = —8(%,9) | ~Sa3 


Ox2 ae oy? 
Now let I be a circle with center at the origin; it is then easily shown that 


_f *dy—ydx | 
f. aa py lane 


This completes the proof of (6). The result can also be stated differently, 
namely 


Ah es. Bema goa 
ro 1 ¥)3 —— + y*, — Ox2 + Oy? * 


Example 2. Let us calculate 4(1/r) in three dimensions (that is, 
for r? = x? + y? + 27). The first derivative can be taken in the ordinary 
sense: 


The formal derivatives of these are, respectively, 


3x2 — 7? 3y? — r? 322 — r? 


: rs? ri? 


r® 
and their sum vanishes. We now use Eq. (5) for each of the second deri- 
vatives, add the results, and obtain 


(< C2 e eae: 


4 i x dy dz — y dx dz + x dx dy 
Ox Oy? Oz? r3 


= 8(x, y, 2) [_ 


This time we choose I" to be a sphere and then the integral is easily 
shown (for instance, in polar coordinates) to be — 4. We thus find that 
in three dimensions 


A (-) = —4n8(x, y, 2). (7) 


r 
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A similar procedure can be used to calculate 4r?-” in m dimensions 
(n > 3), which will give the result presented toward the end of Chapter I, 
Section 2.3. 

The concept of the residue may be looked at from a different point 
of view that may help to clarify the reason that an ordinary homogeneous 
function P(x) of degree — n with vanishing residue corresponds to a 
homogeneous generalized function. 

Since P(x,, ..., #,) is a formally homogeneous function of degree — n, 
Euler’s theorem implies that - 


or, in the form of a divergence, 


> Ax. P) =, 


k=1 One 


This is a formal equation in the sense that it is satisfied at all points 
except the origin, where ® has a singularity. On the other hand, we know 
that Euler’s theorem as applied to generalized functions (see Section 3.1) 
characterizes the homogeneous ones of the appropriate degree. 

It can be shown that if we consider x,® to be a generalized function, 
then 


= 68(x), (8) 


where c is the residue of the ordinary function ®. Indeed, this follows 
from Eq. (5), according to which 


250) — (A 


4. 8( xy, ou) %q) f PKU ap by on eg Beg on di 


Summation over k gives 


Dae - (3 au) ) . + 8(x,, s+) Xn) [oo 


so that, since the divergence of x,® vanishes and causes the first term on 
the right-hand side to vanish, we obtain Eq. (8). 
This means that ifc = J ®w #0, the homogeneity of O(x) breaks 
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down at the origin. If, for instance, D(x) is the potential of a field, such 
breakdown of homogeneity reflects the presence of point sources at the 
singularities. 

We have shown, thus, that if a formally homogeneous function ®(x) 
of degree — n is to define a homogeneous generalized function (by 
regularization of integrals of the form { pdx), then its residue at the 
origin must vanish. 

Now if (x) is of definite sign, of course, its residue cannot vanish. 
Thus a homogeneous function of degree — m and of definite sign will 
not define a homogeneous generalized function. For instance, the gene- 
ralized function 1/| x | on the line (see Chapter I, Section 3) is inhomo- 
geneous. The generalized function (x? + y?)-! [or more accurately, 
(x? + y?)-) |¢] in the plane, defined by 


p(*, ¥) _ ¢ 9%, ¥) — 9, 0) p(x, ¥) 
Boy de dy = | ey + i Bye Uy, 


is inhomogeneous. On the other hand, (x? — y*) (x? + y?)-*, defined 
similarly by 


x — y2 
arse (x, y) dx dy 


=| a oe + a [o(x, ») — 9(0, 0)] dx dy + | a p(x, 9) dx dy, 


Aces +4 


is homogeneous, since the ordinary function (x? — y?) (x? + y?)-? has 
residue zero (as can be seen from symmetry considerations). 


3.4. Generalized Homogeneous Functions of Degree —n—m 


Now let ®(x,, ..., x,) be an ordinary homogeneous function of degree 
— n — m, where m is an integer. Again let us choose some arbitrary 
region G containing the origin, and let us define the regularization of 


J P(x)p(x)dx by 


[ Ox) 0) de 
7 1 eee OO) 
= I. P(x) [>() — 90) —... ml oo, a aac Ox... ONE | = 
1 “ s o”1p(0) 
+ fg 2) [p@ — 90) —. — Gay a a ee ie 
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In order for this generalized function to be homogeneous, it is necessary 
and sufficient that 


i D(x) x71... xn dx = 0, Oy +... + & = M, 
G—-aG 
for all a or equivalently (see Section 3.3) that 
f. P(x) x%1 ... xn ew = 0, +. $= m, (2) 


We shall call the integrals an the left-hand side of (2), as before, the 
residues of the ordinary function ®(z). 

Consequently an ordinary homogeneous function ®(x) of integral 
degree — n — m will correspond through Eq. (1) to a homogeneous 
generalized function of the same degree if and only if all of its residues 
vanish, 

In order to clarify the meaning of this result, compare Eq. (1) to 
Eq. (8) of Section 3.2. By setting ®(x) = f-*-™(x) into Eq. (1), where 
f(x) is a positive homogeneous function of degree one, we obtain Eq. 
(8) of Section 3.2, except that the integrals fF (x) xT. an @, 
which represent the residues of f-"-"(x), do not occur and are thus set 
equal to Zero. On the other hand, the vanishing of these residues is 
necessary and sufficient for the generalized analytic function /*(x) to 
have no pole at A = — mn — m, in other words for Eq. (8) to define a 
homogeneous generalized function of degree — nm — m for this value 
of A. If even one of the residues of f-"-™(x) fails to vanish, the integral 


[ FH) Ax) ax 


regularized according to Eq. (1) is an associated homogeneous function 
of degree — n — m. 

We may note that in addition to generalized homogeneous functions 
defined by ordinary homogeneous functions of integral degree 1 < — 2, 
we are familiar with generalized homogeneous functions related to no 
ordinary functions: these are 8(x) and its derivatives. The kth derivative 
of d(x) is a homogeneous generalized function of degree — n — k. 
The number of different kth derivatives is exactly equal to the number of 
different equations in (2). In this sense the set of all homogeneous 
functions of degree — n — m, as is true for any nonintegral value of 
the degree X, is the same as the set of all continuous functions on a closed 
surface enclosing the origin. 
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3.5. Generalized Functions of the Form r+f, Where f Is a 
Generalized Function on the Unit Sphere 


Every ordinary homogeneous function of degree can be written 
in the form 


D(%1, 224) Xm) = P(r, Tw, ..2) THyn) = 17 f(w4, 0) On)s (1) 


where f(a,, ..., w,) is a function on the unit sphere 2 whose equation 
is Xw? = |. For simplicity let us choose Re X > — n. The corresponding 
regular functional can be written in the form 


(Pls, ey ads Pay ony By) = [ Pp dey. diy 


Hf rt def flees ee oy) PP oo Pry) den = [rem ¥ u(y dy, 
where o(x,, ..., %,) is any function in K, and 
tr) = J ome [ Alem oes oy) OlPeogs ony Pom) de 
As usual, dw here represents the element of area on 2. 


Now let f(a, ..., w,) be any generalized function on 2. Then we may 
define the generalized function 


B(x, «245 Xn) = r4f(wy, «0, Wn) (2) 
by the relation 
(D,, p) = [ riin-ly(r) dr, (3) 
0 
where 
u(r) = (f, p70, ..., 7H). (4) 


Now u(r) is infinitely differentiable and has bounded support, since 
g(rw,, ..., rw,) is infinitely differentiable and has bounded support with 
respect to r. This can be seen, for instance, by noting that 


O—p(1a4, ..+) TW) _ 


G = ay 
pa ia De pre, ooey TW) a 2 WD; Ox, ° 


Equation (2) shows that the functional ®, is analytic in A for A # 
— n— k, where k is a nonnegative integer. At 1 = — n — k it has 
simple poles. 
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Let us find the residue at A = — n. We have 


(®,, 9) = j ritn—-l( f\ o(ra,, ..-) Pwn)) dr = i r3+n—-ly(r) dr 


u(0) 
A+n’ 


— ib r4+n-lu(r) — u(0)] dr + ia rhin-ly(r) dr + 


The first and second integrals in this expression converge for Re A > 


—n — |. Thus the residue of (®;, q) at A = — nis 

u(0) = ep(0) 
where c = (f, 1) is the value obtained when the functional f operates on 
the function equal to unity on 2. Thus the residue of ©, at A = — n is 


CORES “ices, Ha): 
It is easily shown that if f = fj is a generalized function analytic in A 


and if it is regular at 1 = — n, then the generalized function ®, = rf, 
has a residue at \ = — mn equal to c_,6(x, ..., x,), where c_, = (fi, 1) 
atA = — n. 

Let us now find the residue of ®, = r,f at A = — n — k. The residue 
of the ordinary analytic function (®,, py) at A = — n — kis 


1 gk 
(k — 1)! are u(r)] — 


where u(r) is defined by Eq. (4). Therefore 


= u(r)] e = ( f — 7 a rern)] 


r=0 


7 
(4 wy vee win One», Ox 9(*, veey *,)) 


| 


La;=k-1 @,=...=2,=0 


gk-1 
— a Ox% ... O » Oxen ¢(0, .. -» 0) CA wil, sae wn). 


As f(a, ..., #,) is a functional on the r = | surface, where w,; = x;, 
we may conclude that the residue of ©, at A = — n — kis 


ee ee 


== oy an 
where cq x, Cf, xf... 3p), 
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4. Arbitrary Functions Raised to the Power A 


4.1. Reducible Singular Points 


Let G(x,, ..:, *,) be any infinitely differentiable function. In this 
section we shall study G*(x,, ..., x,), or actually the functional 


(G4, ») = | png OM 21 Hn) ARE oe Ain) yon iy (1) 


as an analytic function of A. The singularities of this analytic function 
are intimately related to the nature of the G = 0 hypersurface. We 
shall not consider all types of possible G = 0 hypersurfaces, restricting 
our considerations to those surfaces, most important in all applications, 
which consist of points that we shall call reducible. 

A function G(x,, ..., %,) is called equivalent to a homogeneous function 
in the neighborhood of some point M if in this neighborhood there exists a 
local coordinate system &,, ..., €,, in which G becomes a homogeneous 
function. Obviously equivalence to a homogeneous function can be 
defined not only in an affine space, but on any analytic manifold, for 
instance on a sphere in such a space. 

We shall define a reducible point on a manifold by induction on the 
dimension of the space in which the manifold is imbedded or of the 
manifold itself. Assume that reducible points have been defined for 
manifolds of dimension less than n or for manifolds in a space of dimen- 
sion less than n. We shall call a point M of the G(x, ..., x,) = 0 manifold 
reducible if: 

(1) G(x, ..., %,) is equivalent to a homogeneous function in a neigh- 
borhood of M, and 

(2) the intersection of the G = 0 manifold with a sufficiently small 
sphere centered on M is a manifold each of whose points is reducible 
on the sphere. 


For the case of one dimension, that is for a function G(x) on the line, 
the second requirement is clearly unnecessary. In this one-dimensional 
case assume G(x,) = 0; then x, is called reducible if in its neighborhood 
there exists a nonsingular infinitely differentiable function € = X(x) 
such that X(x .) = 0 and 

G[X-@)] = e. 


In the neighborhood of a reducible point M we can introduce local 
coordinates ¢,, ..., €, in which G becomes a homogeneous function of 
degree m. 
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If these local coordinates can be chosen so that G depends on k 
variables, but cannot be chosen so that it depends on fewer, M is called 
a point of order k and of degree m. 

In this way we can associate with every point of a manifold two num- 
bers: its order k and its degree m. If, in particular, grad G #0 on a 
hypersurface G = 0, every point of this hypersurface will be of order 
one and of degree one. Indeed, at any such point one of the coordinates 
can be chosen as €, = G(x, ..., %,) itself, and the rest can be chosen 
arbitrarily. In this coordinate system, obviously, the G function becomes 
€,, which is a homogeneous function of the first degree depending on 
a single variable. Thus an ordinary point of a surface is a point of order 
one and of degree one. But if the G = 0 surface, for instance, consists 
of the three coordinate planes in three dimensions, or G = x,x,%s, 
the origin is a point of order three, the coordinate axes are points of 
order two, and all other points are of order one. It is left as an exercise 
to the reader to find the degrees of these various points. 

Because the reader may find some difficulty in analyzing Eq. (1) in 
general, we shall start by considering the case in which the G = 0 
manifold consists only of first order points (Section 4.2). In Section 4.3 
we deal with points of orders one and two, and in Section 4.4 we consider 
the general case. 

We shall also need the following theorem, which we state without 
proof. 


Theorem. Let G(x,,...,%,) be a polynomial. If the G = 0 hyper- 
surface consists only of reducible points, it can be decomposed into a 
finite number of connected components (or submanifolds) each of which 
consists of points of a given order and a given degree. In particular, the 
G = 0 hypersurface has a finite number of points of order n, a finite 
number of lines (manifolds of dimension one) of order (m — 1), etc., 
terminating finally with a finite number of (m — 1)-dimensional com- 
ponents of order one. 

Now recall that in the neighborhood of a point of order one we can 
introduce local coordinates in which G depends on just a single variable, 
in the neighborhood of a point of order two G will depend on two 
variables in suitable local coordinates, etc. This means that in considering 
functions with reducible points of order one, we need only study 
generalized functions of a single independent variable; similarly, in 
considering functions with reducible points of order two we shall be 
studying generalized functions of two independent variables, etc. 

Before proceeding we wish to recall that it was shown in Appendix 
1.2 of Chapter I, that if there exists a covering by a countable system of 
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open neighborhoods D; such that every ball intersects only a finite 
number of these neighborhoods, every g(x) in K can be written as a 
finite sum g(x) = Ly,(x) of functions in K such that each q, vanishes 
outside of D;. For this reason we may always assume whatever function 
g(x, -+-) %,) we are dealing with to have support in an arbitrarily small 
neighborhood of the point in question. 

The integral of Eq. (1), which depends on a single complex parameter, 
will be treated by considering a certain auxiliary function of two com- 
plex variables. This method shall be described for the simplest case in 
Section 4.3. 


4.2. The Generalized Function G4 When G = 0 Consists Entirely 
of First Order Points 


Let G(x, ...,*,) be an infinitely differentiable function such that the 
G = 0 surface is bounded and consists of reducible points of order one. 
Consider the functional 


(G4, ») = | ‘s J GH3tq, sey Xp) Q(X yy very Hq) dit oe Any (1) 
G>0 


which depends on the parameter 4. 
For Re A > 0 this integral converges and is an analytic function of A. 
We shall prove the following: 


Theorem. The generalized function G is meromorphic in A. To 
every connected component (of the G =O manifold) consisting of 
points of degree / corresponds a sequence of simple poles at 


l 2 n 
N= Fr Frey pee (2) 
In particular, if the G = 0 surface has no singular points, G has 
poles only at 

A = —l, —2,..., —1, ... (3) 
Proof. Let M be any point on the G = 0 surface. According to 
what we -have said, we may without loss of generality assume that 
p(x, «++, %,) = 0 outside some fixed small neighborhood D of M. Let 

D, be the intersection of D with the region G > 0. Then 


(Geey= | ss | G24, suey X pq) OA Hy, voy Hp) OX, cae Uy 
G>0 


= | see | G21) 064) Xp_) P(X) +00) Xp) AH, «.. AX. 
1 
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Since M is a point of order one (and degree /), we can introduce 
into D, acoordinate system in which G(x, ..., x,) = &1, while the remain- 
ing m — 1 of the €, are chosen as arbitrary infinitely differentiable 
functions of the x,, except that we require that in D, the Jacobian 


D(a 2) >0. 


In these new coordinates let us write 


P(*, seey Xp) a piléi, sey En) 
and then 


|. | G44, «<-5 Bq) (Hy «+5 By) Ay «-- UXp 
1 


= [ fe 91(E1, «-- » €n) Di, an - es dé, we Ene 
Let 
HE) = [| olen x) D (2.77 2") ban db (4) 


where the integral is taken over the intersection of D, with the surface 
whose equation is G(x, ..., x,) = €, = const. This function ¥(€,) 1s 
defined in D,, is infinitely differentiable and has bounded support; using 
it we can rewrite Eq. (2) in the form 


C9) = [a Ker) de (5) 


Let us now use the results of Chapter I, Section 3.2 concerning the 
poles and residues of f. x44(x)dx. We then find that for every first order, 
Ith degree point M of the G=O manifold, the generalized function 
G%(x,, .... x,) has a sequence of poles at 


1 2 n 
A= ma Aa a am 
Further, the residue of the integral in Eq. (5) at Al = — n (that 
is, at A = — n/l) is easily expressed in terms of ¥: it is, in fact, 


pe-(0)/(n — 1). 
Let us obtain explicit expressions for the residues of G+. 


The residue of (G4, g) at A = — 1/lis 4(0), or by Eq. (4), 


Jo J euOs bap ony Bn) D (2 2) 


dé, ... dé,. 


§,;=0 
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Let w be the differential form multiplying q, in the integral of Eq. (4): 


» =D (- : ?) dé,... dey. (6) 


Then the residue can be written 


J P(*1, eeey Xn) w. (7) 
G 


But we also have 
dx, ... dx, = dv = dé, 
and by writing 
Gis ety Ree oP as eg Me) 


we will obtain 
dv = dPw. 


Now recall the definition of 5(P) in Section 1.3 of this chapter. We see 
that the residue given by (7) is simply (8(P), ~). Thus we have found 
that the residue of G4 at A = — 1/1 is 6(G*/"), 

Let us now look for the other residues. For this purpose we remark 
that Eq. (4) can be differentiated with respect to €, by taking the deri- 
vative of the integrand. Again referring to Chapter I, we find that the 


reside of (G4, ») at A = — (Rk + 1)/I is 
oer aE [Ps(En o> fa) D (2 2)] Is di... df, 


le O° (lle 


This may be written according to the result of Section 1.5 in the form 


1 —1)* 
a, ene) = (Gsm), 9). 8) 
Thus the residue of the generalized function G4 at A = — (k + 1)/l 
is 
_1)k 
{OO saya, (9) 
Now in accordance with our earlier remarks, we may assume q(x, ..., %,,) 


to have support in any finite region. In calculating the residue at 
A = —(k + 1)/J, the integral of (8) must be taken over those components 
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of the G = 0 surface which consists of points of degree /. Of course, 
if A belongs to more than one of the sequences of Eq. (2), the residue at A 
is the sum of the residues obtained for the various /. 

We remark that if the G = 0 surface consists of points of order one 
and degree /, the analytic functional G* has poles at the same values of A 
as does the generalized function (x')} of a single variable (see Chapter I, 


Section 3). At A = — (k + 1)// the residue of (x')4 is (— 1)*5(x)/RI, 
while the residue of G* is, (— 1)*6‘*)(G1/4)/k!. Thus the case in which 
the G(x,, .... %,) = 0 surface consists of points of order one is quite 


analogous to the case of one independent variable. 


4.3. The Generalized Function G4 When G = 0 Has No Points of Order 
Higher Than Two 


Let us now assume that the G(x, .... x,) = 0 surface consists of 
reducible points of order no higher than two. Each sufficiently small 
neighborhood of a point of order one generates in G* a sequence of 
poles of the type already considered in Section 4.2. As before, the gene- 
ralized function G*(x,, ..., x,) is defined by 


(G4 9) = | ai | G4 x1, 004) Xp) (Hq) ++) Hq) AX, «0. Aye 
G>o 
What remains, therefore, is to understand how the reducible second- 
order points (which are, of course, singular points of the G = 0 surface) 


affect the A-dependence of this functional. We shall prove the following: 


Theorem. The neighborhood of every point M of order two and of 


degree m generates in the generalized function G(x, ..., x,) the sequence 
of poles , 
3 k 
A Se oo ae etey sees 
m bd m ? > m bd (1) 


Further, every arbitrarily small neighborhood of a point of second 
order will, in general, contain points of first order and perhaps of 
different degrees. If some A = A, belongs simultaneously to a sequence 
such as (1) and to one or several sequences generated by first-order 
points included in an arbitrary neighborhood of M (that is, to first-order 
points incident on /), then the generalized function G*(x,, ..., x,) has a 
pole of second order at A = Ag. 


Proof. Let us choose g to be nonzero only in a small neighborhood 
of M, and let &,, ..., €, be a local coordinate system in this neighborhood. 
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Since M is a point of second order, this choice can be made so that in 
terms of the new coordinates G becomes a homogeneous function P of 
€, and &,, so that the defining integral for G+ becomes 


[ww [ PMEv £2) orld En) D (27 2") db dbo deny (2) 
P>0 g, eee E., 
where 9,(&1, ...) €n) = 9(*1, «.., %,). Let us write 
Mj ane My 
WErs &a) = fm J galbas on) D (27 2) dba ns db (3) 
Then we can write (2) in the simpler form 
(Go) = | f PEs fe) Ha fa) dl dbp (4) 


P>0 


where P(€,, €,) is a homogeneous function of degree m in two variables, 
and #(€,, €) is a test function (i.e., in A) different from zero only in a 
small neighborhood of the origin. 

In analogy, therefore, with the case of points of order one, for which 
the problem reduced to studying functions of one independent variable, 
the behavior of G* in the neighborhood of a point of order two can be 
understood by studying arbitrary homogeneous functions of two 
variables. We shall now consider, therefore, the ¢,, & plane. 

A reducible point of second order of the P(é,, €&,) = 0 curve is an 
isolated singular point on this curve or a point of intersection of different 
branches of it with distinct tangients (Fig. 7). In studying the integral 


Fic. 7. 
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of Eq. (4) at those values of A at which it is sure to converge, we shall 
use polar coordinates! r, u and homogeneity to rewrite Eq. (4) in the form 


(G49) = fo rims dr f PHE, Ea) Wen fe) dy (5) 


where €, = r&,, & = ré, and &, = &,(u) are the coordinates of a point 
on the r = const curve. 
Consider the auxiliary functional 


Taal] = [rH dr | PXE, £5) Wes be) de (6) 


depending on two independent complex parameters A and uy. 

If we set up = Am + 1, obviously, (6) is transformed into (5); it is 
therefore sufficient for our purposes to study Eq. (6). We assert the 
following. 


Lemma. Let F(A, ~) be a meromorphic function of two complex 
variables, and consider two given sequences of complex numbers 


Aig Agel aviarAneaess (7) 
Myr Mar sory Many ores (8) 


Consider F(A, «) as a function of A, and assume that for fixed p ¥ yp, 
it has simple poles at points of the sequence in (7) and that the Laurent 
expansion 


FO) = 8 + elie) + exWIA — 2a) + 

about every such pole has coefficients c,(u) which are meromorphic 
functions of yz with simple poles at the points of the sequence in (8). 

Then the analytic function of a single variable F(A, 4) has poles at 
points given by both sequences (7) and (8). If, further, some point A, 
belongs simultaneously to both sequences, then F(A, A) has a second- 
order pole at A = A, such that the coefficient of (A — A)? in the Laurent 
expansion about this point is equal to the residue of c_,(y) at p = Aj. 

The proof of this lemma follows immediately from the Laurent 
expansion of F(A, uz) in two variables in the neighborhood of (A,, fm). 


1'We could use, instead of polar coordinates, any curvilinear coordinate system in 
which the r = const. lines enclose the origin. 
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Let us now find the poles of the function given by (6). Let us write 
flr) = J PHEs a) Wey &2) du (9) 


[where I” denotes that part of the r = 1 curve on which P(é,, &) > OJ. 
The singularities with respect to A of fi(r) can arise only from those 
points N,, N2, ... on the curve at which P(é,, €,) vanishes. But these 
points of the P(€,, €,) = O curve are reducible on I? Let N, be such a 
point. 

Reducibility on I’ means simply that in a neighborhood of N, on I" 
we can introduce a local coordinate € such that P becomes homogeneous 
and can thus be written &', 

Now we choose ¢ to be nonzero only in a neighborhood of N,, which 
reduces the study of the singularities of f,(r) to the study of the singulari- 
ties of integrals such as f £4", (r, €)dé, where y¥,(r, €) = o(&), &). 

But we know about the singularities of such integrals from Chapter I, 
Section 3. In particular, such an integral has simple poles at 


1 Zz k 


A= ee she a pe ee 


(10) 
We thus find that the integral of Eq. (9) for f,(r) has simple poles at 
points of the sequence given by (10), where the J; are the degrees of the 
N, (see Fig. 7) on the branches of the curve that pass through the point 
M under question. 
Now in terms of f,(r) Eq. (6) becomes 


Ib] = | rfle) ar (11) 


We may again use the results of Chapter I, Section 3, and then we see 
that for fixed A belonging to none of the sequences of Eq. (10), Li,.[¥] 
can be analytically continued into the entire complex yp plane with the 
exception of the points 


p = —l, —2,..., -—k —1,..., 


at which it has simple poles. Setting » = A m + 1 and making use of 
our lemma, we find that 


[rime dr [ PEs, a) WE fe) de = Tamas 


2TIt can be shown that if a hypersurface F(x) = 0 is reducible in m dimensions and 
F depends, say, only on x, and x2, then the line F(x) = Oin the x,, x2 plane is also reducible. 
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has poles at the points sequences of (10) as well as on the sequence 


ir ae oe (12) 
m m m 
If A = A, belongs simultaneously to (12) and any one of the sequences 
of (10), the integral will in general have a pole of second order. 
Since in the local coordinate system 


| es | GHqy sey Xp) Oy very My) OX, os diy 
G>0 


= f J PYE,, £5) W(Es, £2) db, dé, 


P>o 
= [- yim+l dr | PA (Su £2) WE,» 5) du, 


the theorem asserted at the beginning of this section is proven. 

Let us calculate the residues of the generalized function G*(x,, ..., %,) 
at its simple poles. 

First let A, = — (Rk + 1)/1, be a pole of G*(x,, ..., x,) arising from the 
vanishing of G(x,, ..., *,) at points of order one. We have shown in 
Section 4.2 that the residue of (G+, g) at such a pole is 1/k! f w,(¢), 
where w,(q) is a differential form defined in the neighborhood of any 
first-order point of the G = 0 surface. If the part of the surface over 
which w,(¢) is being integrated has second-order points of the G = 0 
surface on its boundary, fw;,(q~) may diverge. In this case the residue 
is equal to the regularization of the corresponding integral.® 

Now consider a simple pole A, = — (Rk + 2)/m of G*(x,, ..., Xn) 
which arises because G(x,, ..., x,) vanishes at points of second order. 
In the neighborhood of such a point the defining integral for (G’, ¢) 
can be written 


{ rim+lf(r) dr, 


where f,(r) is given by (9). For those values of A for which the integral 
diverges, f,(r) is defined as its regularization [the analytic continuation 
of f,(r) from positive values of A]. 

Now the residue of S, rim+1 f(r) drat X = A, is (—1)*f¥(0)/AI. 


8 Since the pole Aj we are now discussing is simple, 


Jim (A — 29) | 2 f Oar SeN ole aes, 
. G>o 


exists. Then the regularization of (1/k!) [ w,(g~) may be defined, for instance, as the limit. 
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We differentiate f, (7) with respect to r under the integral sign in 
Eq. (9), with é, = r€, (this is permissible for positive A and therefore 
also for the regularization in general), and set r = 0. This leads to the 
following expression for the residue: 


0*4(0, 0 
ki wm oe ae J ? Ese pe Poes2vm(E,, €) du 
_ Ly (0,0) ¢ 6G dé — & dl) 
7 wm bee age Bg8 is pu IMe gy (13) 


In Section 3.2 we obtained a formula for the residue of the analytic 
generalized function /*4, where f is a positive homogeneous function of 
the first degree [Eq. (8) of that section]. Comparing that expression with 
Eq. (13), we find that the residue of the generalized function G(x, ..., x,) 
is written in terms of local coordinates quite similarly to the residue of a 
positive homogeneous function, except that the integral over I" is under- 
stood here in the sense of its regularization (this integral always converges 
for a function which is positive in the neighborhood of the second order 
point). 


4.4. The Generalized Function G4 in General 


Let G4(x,, ..., *%,) be a generalized function whose G = 0 surface 
consists of reducible points of arbitrary orders from 1 to 2m inclusive. 

For simplicity we shall assume that G is a polynomial. We shall prove 
the following theorem. 


Theorem. The generalized function G*(x,, ..., x,) defined by 


(G4, 9) = | - f G00, .0e5 Xp) O(Xzy «oy Xp) dit os. Dy 
G>0 


for Re A > Oand by its analytic continuation for other A, is meromorphic 
in A, and its poles are given by a finite number of arithmetic progressions. 
Each connected component consisting of points of order r and degree m 
on the G = 0 surface (see Section 4.1) generates a set of poles in the 
functional G4[q] at 
r r+1 r+tk 
Seem eer > oe yp eee (1) 


wi eae pa 


Further, assume that there exists a sequence of two, three, or more 
incident connected components of the G = 0 surface, each consisting 
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of points of a different fixed order, and that A = , occurs in two, three, 
or more sets (1), each generated by one of the components in the sequence. 
Then at A = A, the generalized function G4(x,, ..., x,) has a pole of 
order two, three, or more, depending on the number of sets in which it 
occurs. 


Proof. Let us assume that we already know the poles (in the A plane) 
generated in 


J oe f G45 0005 Xn) OA Byy voy Xn) AX, os Ap; (2) 
G>0 


by points of order less than or equal to m — 1. We then move on to 
study (2) in an arbitrarily small neighborhood of a point M of order n. 

In such a neighborhood we introduce a local coordinate system 
&,,..., €, in which P(&, ..., €,) = G(x, ..., #,) is a homogeneous function 
of degree m, and choose ¢({x,, ..., x,) to vanish outside of this neighbor- 
hood. Then (2) becomes 


FAC == [.- [Pa sony En) WE, eas | En) dé, ee den, (3) 


where 


WEan oon En) = Olay oy By) D (22), 


and D is the intersection of the neighborhood in which y +4 0 with the 
region P(é,, ..., &,) > 0. 

We now go over the spherical coordinates for those A for which the 
integral in (3) converges. Because P is homogeneous in the ¢, we obtain 


L{¢] = ° yimin-l dr f. P¥E,, eeey é,) W(E;, eeey En) dw, (4) 


where I" is the intersection of the unit sphere with the P(é,, ..., €&,) > 0 
region, a point on I is represented by (&,, ..., €,) with &, = ré,, and 
dw is the element of area on the unit sphere. 

The integral over I is an integral over the (n — 1)-sphere, on which 
the P = 0 surface has by assumption only reducible points of order no 
greater than 2 — 1. 

By assumption we know the poles of such an integral as well as their 
orders. 

Again introducing, as in Section 4.3, the functional 


Tnglbal = J rt def PME on En) obey oe Bn) de (5) 
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depending on two complex variables, and denoting the integral over I 
by fi(r), we have 


fat) = J PH Ess oo bn) WEay on bn) de, (6) 


which reduces the problem to the situation already treated in Section 4.3. 
In particular, for fixed » ~ — n, the functional J, _,[%] has poles in the 
A plane at a finite number of sequences of points, and for any fixed A 
which fails to occur in any of these sequences, it has poles at » = — 1, 
— 2,..., — m,.... The only difference from the case of Section 4.3, 
where the G = 0 surface contained no points of order higher than two, 
is that the poles in A may be multiple rather than simple. 

It is easily verified that the lemma of Section 4.3 can be used here. 

Setting » = Am + n — 1, we find that J,[%], or the defining integral 
(2) for (G4, ~) has poles (in A) other than those generated in f,(r) by 
points of order less than m on the G = 0 surface; these additional poles 
occur at the points 


eee ee: a (7) 


If fi(r) has a pole of order p at A = Ay, and if A, also belongs to the 
sequence of (7), the generalized function G4(x, ..., x,) will have a pole 
of order p + 1 at A = Ay. This completes the proof of our theorem. 

We have thus located all of the poles of the generalized function 
defined by Eq. (2). 

We have seen in Section 3 that in the simplest case, namely when G is 
a homogeneous nonnegative function, it is convenient for many reasons 
to introduce what we called residues at the origin of a formally homo- 
geneous function, and that these residues characterize the singularity of 
this function at the origin in the same way that the residues of an 
analytic function characterize its isolated singularities. When dealing, 
as now, with an arbitrary function G with reducible singular points, we 
can define its residues analogously. 

We proceed as follows. Let D be a maximal connected component of 
order r and degree m belonging to the G = 0 manifold; we shall say 
that the residue of the ordinary function G-"+*)/™ (x,, ..., x,) on this 
component is the residue in the 2 plane of the analytic functional 
G4(x,, ..., X,) at A = — (r + k)/m. This residue is then a generalized 
function. 

For instance, if G(x,, ..., x,) is a homogeneous function of degree m, 
then the residue of G-("+)/™ at the origin is a linear combination of the 
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kth partial derivatives of the delta function, with coefficients given by 
integrals over closed surfaces surrounding the origin. 

If G(x, ..., *,) is any function with a reducible singular point of order 
n — 1 and degree m at the origin, the residue of G~(™+*)/m (x, ..., x,) 
at the origin is a linear combination of the kth and lower derivatives of 
the delta function with coefficients determined by G. The residue not 
only at a point, but on any connected component of degree m and order r 
of the G = 0 manifold, can be defined similarly. 


4.5. Integrals of an Infinitely Differentiable Function over a Surface 
Given by G=c 


Let us apply the above results to the study of integrals of infinitely 
differentiable functions of m variables over a surface given by a poly- 
nomial G(x,, ..., *,). We shall restrict our considerations to the case in 
which the G = 0 surface consists only of reducible points, and the 
G = c surfaces with c > 0 have no singular points at all. Consider the 
integral 


Ke) = | a, Pt 9 Bn) (1) 


where w is the differential form on the G = ¢ surface defined by the 
equation dv = dGw. We have the obvious identity (in 4) 


f I(c) Ade = | m J G44, 0205 Xq) PA Bpy vans My) Oey ov deep. (2) 
0 G>0 


We have already established that the integral on the right-hand side of 
this equation, and therefore also that on the left-hand side, is a mero- 
morphic function of A, and we have found how its poles depend on the 
types of singularities of the G = 0 surface. 

Now the behavior of [(c) for c > « > 0 has no influence on the 
singularities of ig I(c)c*de, and therefore if we know these singularities 
we can write out an asymptotic expansion of J(c) for small c. 

Specifically, let F(A) be the function defined by i I(c)e4de and its 
analytic continuation. Then it can be shown that if the poles of F(A) 
are arranged in decreasing order 


—A; —Ag, eey —Apy oe 0 < Ay < As Saas Ay < 


and if m, is the multiplicity of the kth pole, I(c) has the following 
asymptotic expansion for small c: 


a My 
I(c) & >) D>) Gem ce} In™ ©, (3) 


k=1 m=1 
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It is easily shown that each term in this expansion gives a pole of order 
m (see Chapter J, Section 3). Here a,.,, is (— 1)™~1/(m — 1)! times the 
coefficient of (A+ A,)~™in the Laurent expansion of F(A) about A = — A,. 
Recalling the definition of 6(G), we can rewrite J(c) in the form 


Ie) =| _ pe =((G — ono). 


It follows from this that the asymptotic expansion for J(c) in powers 
of c is at the same time an expansion for (6(G — c), ~) in powers of c. 
From Eq. (3) we obtain in this way an asymptotic expansion for 6(G — c) 
for small c. 


Example 1. Let G(x, y) = xy. Then the first pole of the generalized 
function (xy)* defined by 


[| Coy ol, ») dx ay, 


ry >0 


will occur at A = — 1. The expansion of this integral in powers of 


A+ 1 is 


J [ ery of, 9) dx ay 


zy>0 


7 ary [fe ae + [ a] oat ade 


Therefore the integral‘ I(c) = f,,-. »(*, y)w has the asymptotic expansion 
sid Te) * (0,9) 
I(c) = 29(0, 0) Ine + f 2 dx + [ a 
where we have omitted terms converging to zero as c —> 0. 


From what has been said above, this can be used to obtain an expan- 
sion of 6(xy — c) in powers of c. Such an expansion will be 


3) 8(x 
Hay — 6) = —28(s,y) Ine + (AB) 4. 7) + of, (4) 
“ Here we may write either w = y~! dyorw = —x7! dx, so that we may be considering 
either 
f° p(x, y) dy [~ P(x, y) dx 
—— or — —_———. 
—o ¥ 00 ad 
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Example 2. G = x? 4 y* + 2* — f#*. In this case the integral 


| [ @ + y® + 22 — £2) ox, y, 2, t) dv 


G>0 
has a simple pole with residue 8(x? + y? + 2? — #?) at A= — 1, 
and a pole of order two at A = — 2, where the integral has the expan- 
sion 
1 (0, 0, 0, 0) 
A ee 
[@odv=—, ee) EES 5 }o(0, 0, 0, 0) In 2 


G>o0 


877 } ¢(0, 0) — Hr, r) = enn) r) = ee) p) . 
3 ib a ka dr { dr +- i. ne dr| +... 
Thus we can now write 6(G — c) in the form 
8(x, Y, 2 t) , 
§(G —c) = &(G)+ eln ie ae (G) +... (5) 


We have omitted terms of order o(c), and 8’(G) represents the divergent 
integral {¢_9 w, regularized according to the expression in braces. 

In general if G is a function whose G = 0 surface has only reducible 
singularities, the low-c expansion of the generalized function 6(G — c) 
can be used to define 6(G), 8’(G), and the higher derivatives when the 
integrals of the corresponding differential forms diverge. 

More specifically, if 


o ™ 


&(G —c) = > Tym Ce In™-! ©, 
1 


k=1 m= 
where the 7,,,, are generalized functions such that 


(Ties ?) = ay m 


[where the a,,,,, are the coefficients of Eq. (3)] then 6(G) will denote the 
constant term in this expansion, 6’(G) the negative of the coefficient of the 
first power of c, etc. In particular, Eq. (4) may be written 


(xy — c) = —2 In c8(x, y) + (xy) + ..., (4’) 


4.5 Arbitrary Functions Raised to Power A 329 


so that® 


1) = - 


When the G = 0 surface has no singular points this definition will 
of course agree with the previous one. Indeed, the integral ieee > Cpdv 
then has only simple poles at 1 = — k (where k is a positive > integer) 
with residues 


(-)E k-1 
way 


Therefore, 
XG — 0) = AG) — 8(G) + $8(G) +. 4 cy 8G) bo... 


There is, incidentally, an interesting consequence of Eq. (4). Differ- 
entiating that equation with respect to c, we obtain 


; 2 
—8 (ay — 0) = —28(x,9) + 0 
Now imultiplying by — ¢ and allowing ¢ to converge to zero, we find that 


c5'(xy — c) — 28(x, y). 


Similarly, we may differentiate Eq. (5) twice with respect to c, and 
again multiply by ¢ and allow it to converge to zero. This gives 


c8'"(x? + y® + 2% — t? — ce) Ss Ys % 4) ss 3, t) ; 


By applying these expressions to a function » in K, we will obtain the 
value of @ at the origin if we know its integrals over the hyperbolas 
xy = c or the hyperboloids x? + y? + 22-—f#= ce. 


5 This equation could not have been obtained in Section 1. When we derived 


3P) , 4Q) 

“OQ- Pp 

in Section 1.7, we assumed that the P = 0 and Q =: 0 surfaces did not intersect. We 
can now, however, derive this result immediately from Eq. (6) for surfaces that intersect 
so that there exists a coordinate system 1, ..., u, in which u, = P and u, = Q. 


8(PQ) = 


SUMMARY OF FUNDAMENTAL DEFINITIONS 
AND EQUATIONS OF VOLUME |! 


Chapter I, Section 1 


1. A test function g(x) = o(*,,..., *,) is an infinitely differentiable 
function that vanishes outside a bounded region in the n-dimensional 
space R,, (has bounded support). 


2. The test-function space K is the set of all test functions. Linear 
operations in K are defined in the usual way. A sequence 9,(x)¢K 
is said to converge to zero if the o,(x) converge to zero uniformly with 
all their derivatives and all vanish outside a common bounded region. 


3. A generalized function is a continuous linear functional on K. 


4. A regular generalized function is a functional on K which can be 
written 


(f 9) = | fl2) ox) ax, 


where f(x) is a locally summable function. 
5. All other generalized functions are called singular. 


6. 6x) denotes the theta function equal to unity for x > 0 and to 
zero for x < O (defined for m = 1). 


7. The delta function 8(x — xy) is the singular functional defined by 


(8(x — %), p(*)) = p(%o)- 


8. The functional f(x) is said to vanish in a region G if (f, ») =0 
for every g in K vanishing on some region G, such that G and G, cover 

9. The support of a functional f is the closed set on whose complement 
f vanishes. 

10. A sequence f, of generalized functions is said to converge to the 
generalized function f if for every pe K 


lim (fn ~) = (fh ¢). 


roc 
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11. Complex test functions and generalized functions combine 


according to 
af, p) = (f, op) = (af, ¢). 


A regular functional f corresponding to a function f(x) is defined by 
(fo) = | A) ox) ax. 
12. The generalized function f complex conjugate to f is defined by 
(fe) =(f @): 


13. The space S of rapidly decreasing functions consists of infinitely 
differentiable functions g(x) such that 


| * px) |< Cr, nm=1;k,¢=0,1,2,... 
or, in the case of several variables, 


OU te + Oy p(x eee Xx. ) 
SE an ES Cas | = 0,1, 2,... 
1 ie s \ ky ay? 1» » In a9 49 “9 
" Ont sae Oxe 1 


with convergence defined accordingly. 


Chapter I, Section 2 


]. The derivative of the generalized function with respect to x, 
is defined by 


2. O(x) = 8(x). 


d : | es 
3. Fx In (# + 10) = 5 — imr8(x), 


where 
1 ate y(* 
Ee) =f, Se 
Ate i (n — 2) 2, 8(x) where 2, is the hypersurface area 


yn—2 


of the unit sphere imbedded in R,, (n > 2). 


A in > = —2nd(x), n=2. 
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5. Ifa sequence f, of generalized functions converges to f, the sequence 
Of,/Ox, converges to Of/Ox;. 


6. > cos nx = —$ $7 S5(H — 2zn). 


n=1 


7 > nsin nx = = —7 38s — 2nn). 


n=1 


4 


1+ ef@ 4 et 4 4 ete 4 ete 4 2n > 5(* — 27). 


n=1 
] € 
10. ve x2 we a — 8(x) as e— 0. 
1 x 
11. evar exp (— =) — 8(x) as t— 0. 
12. - id — 8(x) as yp—> oo, 
aw x 


Chapter I, Section 3 


1. The generalized function x1 is defined as follows. For Re A > — 1 


(*4,) = i x" p(x) doe; (1) 
for REA > —n—1,A4-—1, —2,..., —4, 
(x1,9) = x [H) — 90) — xp'(0) — ... ee _ “THI pr H(0)] dx 
(k-1)(9 
+f x os) de +g aT want (2) 


for —n—1< ReA <— 2, 


xn-l 


(x4, 9) = [= [e(2) — 90) — *p'(0) —... — py —~——— pir-1(0)| dx. (3) 
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This generalized function coincides with the ordinary function x? 
for x > 0, and with zero for x < 0. Jt is analytic for all A except A= — k 
where k is a positive integer, where it has simple poles. 

We may differentiate with respect to x: 


d A A—1 — — 
ea aett, Ax 1, —2,.. (4) 


2. The generalized function x* is defined as follows. For Re A > — 1 


0 oO ‘ 
(,—) =] le lo(e) de = [xt g(—x) de; (5) 
—0c 0 
for REA > —n—1,A4~-—1, —2,.., —n, 


(#4, @) = fx [ek—8) 010) + #90) —.. (9 By ote M(0)] dv 


+f o(-yde+ pre: © 


for —_ n—1< Re< — a, 


A = = A ’ n— xn n— 
(v2, 0) = J = [o(—4) — 9(0) + #90) — -- — (14 Be O)] a 
(7) 
This generalized function coincides with the ordinary function | x |? 
for x < QO and to Zero for x > O. It is analytic for all A except A = — hk, 


where k is a positive integer, where it has simple poles. 
We may differentiate with respect to x: 


d 


— __jydA-1 = es 
5 = ea ees ee (8) 


3. The generalized function | x | is defined as follows. For Re A > — 1 
(ee) =] lx o@)de =] xo) +o(—x)) ds 0) 
for ReA > — 2m — 1,A ~ — 1, —3,..., — 2m + 1, 
(#49) =f #* bole) + 2) 
0 


= 2 [p(0) +579") + + Ge — pyr (0) | as 


+f riole) +(e +S op PO cio) 


334 FUNDAMENTAL DEFINITIONS AND EQUATIONS, VOL. I 


for — 2m — 1 < ReA < — 2m +l, 
(le lye) =f xt} 9x) + (—2) 
0 


— 2[9(0) +5 @"0) +... + am-a0)|{ de. (11) 


Gin yr? 


This generalized function correspond to the ordinary function 


'x |4 for x #0. It has singularities (simple poles) at A = — 2m — 1, 
where m is a nonnegative integer. 
At A = — 2m we write | x |~-?" = x-®™, so that 


(2, 9) = fa lolx) + o(—a) 


~2[9(0) + 9") +. + (12) 


Gm =H? 
In particular, 
ae + ¢(—*x) — 2(0 
(x-2, 7) — [ p(x) a ) 29( ) ay (13) 
4. The generalized function | x |4sgn x is defined as follows. For 
Re A > — 2, 
(Je sgn) =] |x lsgnxg(x) de =f xfp(x) —o(—a)] des (14) 


for ReA > — 2m — 2,A #4 — 2, — 4, .... — 2m, 
1 
(| [sgn x 9) = | x4} 92) — o(—a) 


— 2 [x9'(0) + 5 90) + + annoy] { dx 


Gn ye 


+ J #0) — ow) de +23 ape O 


£1 (2k + 1 (A + 2k +2)’ (15) 


for — 2m — 2 < ReA < — 2m, 
(| sgn, @) = f=} ole) — (2) 


— 2 [xp'0) + 90) +... + am-a0)]{ de. (16) 


Gm kG 


FUNDAMENTAL DEFINITIONS AND EQUATIONS, VoL. I 335 


This generalized function coincides with the ordinary function | x |4sgnx 
§ y |" $8 


for x 4 0. Jt has singularities (simple poles) at A = — 2m, where m 
is a positive integer. At A = — 2m — 1 we write | x |-?"-1!sgn x = x-?-1, 
so that 


(9-4, 9) =f artmt | ole) ~ o(—2) 


2 [xp'(0) + = 9'"(0 er _ pttm-a1()] | d 17 
— 2 | xp'(0) + F 9" + +o ay? (|{dx. (17) 
In particular, 
1) — ( Pp?) —A—*) 
(9) =|. Se a, (18) 
© o(x) — o(—x) — 2xq'(0 
(x73, ¢) = J. p(*) ral *) P ( Dae (19) 
5. The g-fold indefinite integral of | x |4 may be written 
[ofiater = piston 98 em 
A+1..A+9 | & Qk—Diq— 2m! A+ 2k 
(20) 
6. The generalized functions 
xt xt | x |2 | x |4sgn x (21) 
Fal)” TO+1)’ rPthy’ r +3 
2 2 
are entire functions of X. 
In particular, as A > — n, 
ee ene eT x _« —1)"-18("-D(x); (22) 
Tia +1 > Fadi! 
as A —> — 2m — }, 
Jef (1) 8x) mt 
- ( af r (2m)! 2?) 
2 
as A—» — 2m, 
| x |4 sgn x ee (—1)™ 82@"-1)(x) (m — 1)! (24) 
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7. The functions In(x + #0) and In(x — 70) are defined as follows: 


In (« +720) = lim In (x + ty) = In| x | + i7O(—x), (25) 
In ( — i0) = lim In (x — iy) = In| x | — in6(—2), (26) 


8. The functions (x + 20)4 and (« — 70) are defined as follows: 


mice for x<0, 


“VA i 4 
(« + 10) ae eg + ¥y) a for x > 0; 


(27) 


eit i £ (4 for «<0, 


for x > 0. (28) 


(x — i0)4 = jim. (x — ty) = ° 


These functions exist for all complex A and define regular functionals 
for Re A > — 1. The corresponding generalized functions are defined 
in the following way. For A 4 — n, where 2 is a positive integer, 
(x +10) = x4 + e*x1, (29) 
(x —i0 = x4 +e ™ x, (30) 


where the generalized functions x“ and x* are defined by Eqs. (1)-(3) 
and (5)-(7). For A = — a, 


(x + 10)" = x" — a SHY (x); (31) 
(x —i0)-" =x" + ir Dy 5("-D(x), (32) 


where the generalized function x~” is defined by Eq. (12) or (17). Thus 
the generalized functions (x + 70)4 and (x — i0)* are defined for all A. 
They are entire analytic in A. 
The relations 
(x + i0) = lim, (w + ayy 
eit Ue eA 
(* — 10)! = lim, (# — iy) 


hold both in the ordinary sense and in the sense of generalized functions. 


4 


Il 
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We may differentiate with respect to x: 


+ (x + 10)* = A(x + 10) (A # 0), 


: (33) 
(* — 10h = Xx — 10 A #0), 
d ‘ 1 
7x 0 (x + 70) = x+10’ 
q , (34) 
Jy in (# — 20) mera e 
9. For Re A > — m the generalized function r’ is given by 
(Ae) =] role)de = 2, | tt Sor) dr, (35) 


where 2, is the hypersurface area of the unit sphere in m dimensions, and 
S,(r) is the average of p over the sphere of radius r. 

This generalized function can be analytically continued to the entire 
A plane with the exception of the points A = — n, — n — 2, — n — 4, 
.., where it has simple poles. 


2r4 
10. The generalized function or A+n\ is an entire analytic 
function of A. At A = — n it becomes 8(x), and at A = — n — 2k it 
becomes 
(—1)* A*8(x) 
2'n(n + 2)...(m + 2k — 2)° (36) 
11. The plane-wave expansion formula for r? is 
1 | oye, +e + Opt, 2dw or 
tin) i, ae + ') as r(- + ") : Sa) 
Z 2 
Special cases. For n odd we have 
S(x ee a §(n-1) eee © ) dw; 38) 
( ) = 2(2n)r—} i (1%, te WyXn) Aa, ( 
For m even we have 
_-])tn — 1)! 
&(x) = {COU @ a (4%, +o. + WyXy)-" dw, (39) 
(2s)" 2 
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For any 2 we have 


8(x) = ome ke (04%, foe. + WyXy — i0)-" dw. (40) 


Chapter I, Section 4 


1. The generalized function x1 In™ x, (for A # — k, where k is a 
positive integer) is defined as follows. For Re A > — 1, 


(x4 In” x,,~) = [ x* In™x w(x) dx ; (1) 
0 
forReA >—n—1, AA—1, —2, ..., —a2A, 
xn- 


(x4 In” x,, 9) = J x In™ x [o#)—e(0)—a9'0)—.. pr-00)| dx 


+f etinme g(a) ax +3 ee) 


for —_n—1< ReA < — 4, 
(xj, In™ x,, 9) 
_ = Alam = wee , _ an} n—1 
= J, stlnm # (9) — (0) —29'0) —-. — Goa "O)| ae.) 
2. We may differentiate with respect to i: 
am a 


yaks = xt in™x,, AZX~—I1, —2,... (4) 
The Taylor’s series expansion of x4 about a point of regularity A, is 
xh = wxto + (A — Aq) eto In x, + 3 (A — Ap)® xo In? x, +... (5) 
3. The generalized function xj” is defined by 
(5% 9) = fom - — 90) ~ x9'(0) — 


— yer - eg a1—x)| dx. 6) 
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This generalized function coincides with the ordinary function x” 


for x > 0, and with zero for x < 0. It is mot equal to x4 at A = — n. 


4. The generalized function x,"In™ x, is defined by 
(#2" In™ x,, p) = i erin x | (x) — (0) — xp'(0) —... 


p-1(0) A(1 — x)| dx. (7) 


xn—2 xno-l 
— ——___ g!n-2) = 
Gaoe Gap 
5. The Laurent series expansion of x4 about the pole at A = — n 
18 

a (Hlth ber M(x) I ‘é es 

+= “GS an + x7" + (A + 2) x7" In x, 
1 
+a Atnjeninte, +... (8) 


6. The generalized function x* In™ x_, A 4 — 1, — 2, ..., is defined 
as follows. For Re A > — 1, 


(x4 In™ x_, ) = i | « |4In™ | x | o(x) dx = J. x* In™x o(—x) dx; (9) 


For ReA > —n—1, A#—1, —2, ..., — 4, 


(x4 In x™, p) 


=| x In™ x [o(—x) — 9(0) + xp'(0) —... — GT rea, pi n(0)] dx 
+f x In™x o( — a) de a ; (10) 


for —n—1< ReA< — a, 


(x4 In x™, ) 
—_ = Alm — _ , a _. {—1]\r-1 _ xn {n-1) 
= i; x* In™ x Ex *) — (0) + #9'(0) —-. — (“Dye (0)| dx. 
(11) 
7. We may differentiate with respect to i: 
as eet In 8. A+ —1, —2..... (12) 


oA™ 
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The Taylor’s series for x4, about a point of regularity A, is 
xt = xto + (A — Ay) x40 In x_ + § (A — A,)? x40 In? x_ +... (13) 
8. The generalized function x=” is defined by 
(Hg) = [a [p(—a) — (0) + =9'(0) — 


xn 
(~— 1” 


~(—1)1 00) (1 — x)| dx. (14) 


This generalized function coincides with the ordinary function | x |~” 
for x < Qand with zero for x > 0. It is not equal to x*+ at A = — n. 


9. The generalized function x=” In™ x_ is defined by 


(azn In x, p) = [arm ine x [o{—x) — (0) + 9'(0) — 


xn 


(n — 


10. The Laurent series expansion of x* about the pole at \ = — nis 


—(-1)"" gp'"—(0) a — x)| dx. (15) 


1 SNe) 1 
“(a —DIA+n 


+ x" + (A +n) x7" In x_ + sr (A +n)? x7" In? x_ +... 
(16) 


11. The generalized function | x |4In* |x| is defined by formulas 
similar to (9)-(11) of the summary of Chapter I, Section 3, except that 
x4 is replaced everywhere by x’ In*x. The Taylor’s series for | x |* about 
a point of regularity A, is 


| |? = | % 20 + (A — Ag) | # [20In | & | + ay — AG) a In? |x| +... (17) 


The Laurent series expansion of | x |* about the pole at A, = — 2m — 1 
is 
(2m) 
ep = 287) 


—2m—-1 
= Oat a ea 


4 (A + 2m +1)[% |?" In| x] +... (18) 
where 


| x gaia — ii +. aot: (19) 


| |“? In® | x | = peed In® xe, xd In* x. (19a) 
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In particular, 


(I-49) = fate ole) + of —a) 


dx. (20) 


— 2 [1(0) + 9") +. + Gor o™mNO) AI — ») 


The generalized function |x |-*"—-! coincides with the ordinary 
function | x |-?"—1 for x + 0. 

12. The generalized function | x |4sgn x In*| x | is defined by equa- 
tions similar to (14)-(16) of the summary of Chapter I, Section 3, 
except that x* is replaced everywhere by x? In x. 

The Taylor’s series for | x |4sgn x about a point of regularity A, is 


| « |+sgn x = | x |40sgn x + (A — Ay) | x |2o In | x | sgn x 


+ ap (A — Ag)? | Pon | x | sgn fo (21) 


The Laurent series for | x |+sgn x about the pole at A, = — 2m is 
§(2m—1)(y) 1 
a ee, —2m 
| x |*sgn x = Es Wb Carr anaes sgn x 
+ (A + 2m) |x|?" In| «| sgn x +..., (22) 
where 

| x |"? sgn x = x? — xW?m; (23) 
| |?" In* | «| sgn x = x72" In* x — x7? In* x. (23a) 


In particular, 
(| 21-2 sgn x, 9) = fa bole) — oa) 


dx . (24) 


— 2 [x0'0) + F 9") +» + Ge aye wtm-240) (1 — 29] 


It should be emphasized that | x |-?"-1 is not the value of | x |4 at 
A = — 2m — |, and that | x |-?" sgn x is not the value of | x |4sgn x at 
A. = — 2m. 

The generalized function | x |-?" sgn x coincides with the ordinary 
function | x |-?" sgn x for x 4 0. 
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13. The derivatives of the generalized functions (x + 70) and 
(« — i0)* with respect to A are denoted, respectively, by 


(« + i0)*In(x +10) and (x + i0)*In (x — 10). 
These are entire functions of A and may be written 


(x + i0)* In (« + 10) 


x4 Inx 4 + me axk 4 etry In x for AH —xn, 

(—1)" tnx " + (—1) 5 = + x7" In | x | for A=-—n; 
(x — i0)* In ( — i0) 

xf In x, — trem eh 4 e144 In for A+ —xn, 
= 26) 
a . 2 §(n—1) ( 

i inx—” + (—1)"") a Ge ht +x"In|x| for A= —xn. 
14, 'The Laurent series expansion of r’ about the pole at A = — n — 2k 
(here 2 is the dimension) is 
5(2h)(r) 1 

A —n—2k 
aaa Be ar ere) acd 


+ 22,(A + 1 + 2k) r-*-** In r +... (27) 


Here the functionals 8'*)(r), r-™-#k, and r-"-** In™ r on the right act 
on the S,(r) functions according to 


(8(r), S (r)) = S20), (28) 


(r-"-2k, § (r)) = [ gothn [S.r) — 9(0) — 


p2k—2 yok 
— —S——F0(2k-2) 
Gea >> O — GH 


(r—"-2* In™ 7, S,(r)) = { y thn In™ ¢ [S.() — (0) — 


2k 
~ (2k)! 


S2(0) 41 — r)| dr, (29) 


S20) a1 — r)| dr. (30), 


The number S(?*) (0) is given explicitly in terms of g(x) and its 
derivatives by 
(2k)!4"p(0) 


2k _ snk Ng ON 
Ss \) = athe + 2). (n + OR 2) 


(31) 
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Chapter |, Section 5 


1. The direct product f(x) x g(y) of the two functionals f(x) and g(y) 
is the functional on the space of functions (infinitely differentiable 
and with bounded support) g(x, y) defined by 


(F(x) X a(y), (% ¥)) = (F(*), (2(y), 9%, ¥))) - 


2. The convolution f(x) * g(x) of the functionals f and g is the functio- 
nal defined on K (the space on which f and g are defined) by 


(f*2,~) = (f(*), (e(y), p(* + y¥)))- 


The convolution exists if one of the following conditions holds: 
(a) either f or g has bounded support; 
(b) the supports of f and g are bounded on the same side. 
When these conditions are fulfilled the convolution is both commuta- 
tive and associative. 
3. 6 * f = f for all f. 
08 7 
ae * f= a F 


7) _ of o og 
Sy Ge a a ae ee oe 


4. 


6. f, > fimplies f, * g — f * g under any of the following conditions: 
(a) all the f, are concentrated on a given bounded set; 
(b) the functional g has bounded support; 


(c) the supports of f, and g are bounded on the same side, and the 
bound is independent of ». 


7. An elementary solution of the equation 
Q 
r(fens 7 
is a generalized function E(x) such that 


P (2) E = &(x). 


The solution of (1) can be written 


u=Ex*g 
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if this convolution exists. See also the summaries of Chapter J, Section 6, 
paragraphs 1-3; Chapter II, paragraph 8; Chapter III, Section 2, 
paragraph 5. 

8. An elementary solution of Cauchy’s problem for an equation of the 
form 


PG) @ 


is a generalized function E(x, t) which depends continuously on the para- 
meter ¢, is a solution of Eq. (2) for t > 0, and converges to 6(x) as t — 0. 

The solution of Eq. (2) with the initial condition u(x, 0) = up(x) can 
be written in the form 


u(x,t) = E(x, t) * u(x), 


so long as this convolution exists. 


9. An elementary solution of Cauchy’s problem for an equation of the form 


P(- 4) u(x,t) =0, (3) 


of mth order in t, is a generalized function E(x, t) which depends contin- 
uously on the parameter f¢, is a solution of Eq. (3) for t > 0, and is such 
that 


: . OE(x, t 
lim E(x,t)=0, lim on S210) 


aa E(x, t) _ 


= 
0, lim oe AT 5(x). 


t0 oLm-2 t30 orm-1 


The solution of Eq. (3) with the initial conditions 


uf, 0) — 2469) Awl) _g— aME W(x 0) 


OE ae aym—2 0, opm=1 = Um—(%) 


can be written in the form 
u(x,t) = E(x, t) * u,__,(x) 


so long as this convolution exists. See also the summaries of Chapter I, 
Section 6, paragraphs 4 and 5; Chapter II, paragraph 8; Chapter III, 
Section 1, paragraph 6. 


10. The integral of order X of a generalized function g(x) which 
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vanishes for x < 0 (we are dealing here with a single variable) is defined 


by 
x“? 
&x(X) = g(x) * Tea 


For Re A < 0 this formula defines the derivative of order A of g(x). 
11. The hypergeometric function 


D(a, B, y, *) = AW RO f tP-\( 1 — t)-#-(1 — tx)-* dt 


satisfies the equation 


xy-t dé-y 7x1 — x);% 
Ty) BoP m *) = Fas Gams 7 ae 
or 
x71 = x)xtB-y “ey _ ah aA @ | att xr” 
ry) Bs a al I'(y — B) 


12. The Bessel function J,(4/u) can be expressed in terms of fractional 
derivatives of elementary functions: 
d-** cos Vu 

at a 


BV ub fu) = 


Chapter |, Section 6 


1. An elementary solution of the elliptic equation P(0/0x)E(x) = 
5(x) can be written 


E(x) = i Ballons + a + Onin — 1) da (1) 
where 


alfa) = [6 — 2,0) | 9/4dn 


A+1)\J_ 
at n—1) ele eed, 
Qurto TP (——) 
and G(é, w) is a solution of 


P (w» _ sent 5) G(é, o) = &(2). 
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For odd ” expression (1) can be reduced to (with € = w x, + ... + @,%y) 


= (—1)t-b 6"-1 G(E, w) 
ee Q,(Qn)t"-Y) 1-3... (mn — 2) i gn? - 


2. If P(@/0x) is a homogeneous polynomial of degree m in the 0/0x,, 
then E(x) is of the form 


TOE og) omen do 
— FQm"(2m — mi i ORY Cte)? 
2m > n, n odd; 


E(x) 


na (aE i (ory tooo + @nitn)Pm* In | oyty + + + Onin | 
(27r)"(2m — n)! P(a04, +++) @n) 

2m > n, neven; 

J hin—2m—1) (gy x + ree + wx ) dw 

2 Eee sis P(e, tery Wy) 4 


2m < n,n odd; 


(-1 yein-1) 
~ — Q(2mr)r 


_ (=) — 2m — DL i | eye + oe + py PO 
(2z)" 2 P(a,, etsy Wn) . 
2m < n,n even. 


3. These equations remain valid also for homogeneous operators of 
the form P(é/éx) such that grad P(w) does not vanish on P(w) = 0, 
w # 0, but then the integrals must be understood in the sense of their 
regularizations (the Cauchy principal values). 

4. An elementary solution of Cauchy’s problem for the equation 
P(e/ét, 0/ex) = 0 is of the form 


a 
«= aw I, (es G,(t, € — crea 


‘ dw, 


A=—n 


where G,(t, €) is an elementary solution of Cauchy’s problem for the 
equation 


7) d d 
P (Jp ven ge voor On Ge) Mts €) = 0. 
In particular, for odd m we have 


_ toe» (2 =! 
CD 
Q,7*"-W(n — 1)! 


qdn-1 
I, dent G,(t, £) dw. 


u(x,t) = 
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5. If P(@/0t, 0/8x) is a homogeneous hyperbolic polynomial of degree 
m, then u(x, t) becomes 


(—1)de+)) 
2(27)""(m — n — 1)! 


. fe (> wb + a sgnm? (x *ibe + 7 os 


m >n— 1,nodd; 


u(x,t) = 


= 2(—1)#" 
~ (n)"(m — n — I)! 


* Fane Stet)” to| SBR E* | 


m >n — 1, n even; 


(— ])Pin+n) a 
u(x, t) => (Qn i 8! ) > XE + t) Wy 
m<n— 1,nodd; 
(= 18420 — m)! f w 
(27)” P(L,8)=0 (Ls XpE, + tym 
m <n — 1, m even. 
Here 


pede 1 grad H | sen (> éxHe,) : 
and f(g) = P(1, &). 


Chapter Il 


1. The Fourter transform of a function ¢(x) in K 1s defined as 
Hs) = f(x) exp [ims +... + aysy)] doy - dy 


and is an entire analytic function of the complex variables s, = o, + 
171, ..-) Sy = O, + t7,. This Fourier transform satisfies inequalities of 
the form 


| SPT oe Sa" (Sq9 +009 Sn) | SC, exp (@ | 71 | + + +n | tH |) 


where | x; | < a, is a region containing the support of (x). 

2. The set of all %(s) functions of this form is called the space Z of 
slowly increasing functions. A sequence %,(s)€ Z is said to converge to 
zero in Z if the inverse Fourier transforms o,(x) € K converge to zero 
in K. 
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3. The Fourier transform of a generalized function f defined as a functio- 
nal on K is the functional g = F(f) defined on Z by the equation 


(8, ¥) = (20)"F, o), 


where y(s) € Z is the Fourier transform of (x) € K. 
Under multiplication and differentiation Fourier transforms behave 
according to 


F [P () f| = P(—is) FLA, 
F[P(x) f] =P (—i +.) Fif}. 


5. The Fourier transform of the direct product is given by 
Ff x g] = FL] x Fiel.- 


6. The Fourier transform of a functional with bounded support is a 
functional corresponding to the function 


FUf] = (f(x), ei(t.8)) — (f(x), e-H-9), 


7. FLS] = S. 
8. If u(x, t) is an elementary solution of Cauchy’s problem for the 
equation du/dt — P(t 0/éx)u = 0, then 


u(x, t) for t>0, 


E(x, t) = | 0 for » 620 


satisfies the equation 


OE(x, t) Oya: foe. 
<A) — P (i) E(x, t) = 8(x, 2). 

9. The Fourier transforms of many particular generalized functions 
are given in the table of Fourier transforms. 


Chapter Ill, Section 1 
1. The Leray form w for the hypersurface P(x,, ..., x,) = 0 is 


defined by 
dP» w = dx, ... dp. 
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At those points where 0P/@x; # 0, we may write 


dx, ose dx;_, AX; see dx, 


— {_—1\7-1 — 
Bis Lup OP ox, 


2. The functional 6(P) is defined by 
((P),~) = | ox) a 
P=0 


3. @(P) is the characteristic function of the region P(x) > 0. Its deriva- 
tive is 
O'(P) = oP), 


which is understood in the sense that 


0(P) oP 
a oe 


4. The differential forms w,, k = 1, 2, ... are given by the conditions 


wo(P) = PW, 
dup) = 4P - w(¢), 


ss es 6 © © © © Be we se we ee 


The integral of w,(m) over the P =O hypersurface is determined 
uniquely. 


5. We have 
P3(P) = 0, 


P8'(P) + &(P) = 0, 
P8'"(P) + 28(P) = 0, 


6. An elementary solution of Cauchy’s problem for the wave equation 
(4 — 0?/0t?)u = 0 with nm = 2k + 3 is 


E(x, t) = aoe 5(H)(72 — 4?) re = x2 +... 4 x? 
tf) = : et oe . 


Qa*+1 


7. If the hypersurfaces P = 0 and Q = 0 have no points in common, 


then 
8(PQ) = P-18(Q) + Q-18(P). 
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8. If a(x) fails to vanish, then 


8(aP) = a18(P), 


9. The Leray form w of the manifold P, = P, =... = P, = 0 is 
defined by 


dP, ... dP, w = dx, ... Ap 


In particular, if the Jacobian D (: Py 


+ 0, we may write 
ioe We 


Xx ye Tp 


D ( ue ts) , 


Hy ws Hy 


10. The generalized function 6(P,, ..., P;,) is defined by 


(8(P,, ony Pe), @(24y «+05 %q)) = | vias: 
P\=.,.=P,=0 
ll. The differential form w, | 4,.... 


.a,(P) is defined in terms of the 
differential form We. .t;--.04(P) by 


d(dP, ... dPy_y OP, ,1 ... dPR@g,.a,,,.0,) = (1)! APY... UPhwa, 541. ..04" 


ams(P, ... Py) 


12. The generalized function OPt ... OP% 


ama(P, ... P) 
ee = —] m a a ’ —— one . 
( OP% ... OPae e) =(—1)" | PymenaPyny VerrlP) (m= 4 Fm ote) 


is defined by 


13. We have 
e S. 08(Pi, -.. Py) OP: 
oe vs+y Px) => OP; Ox; ” 
P,(P,, .., Px) = 0, 
P.P,&(P,, ..., Py.) = 0, 


P,P, nee P,O(P,, aeny P,) = 0, 


t=1 


and other equations obtained from these by formal differentiation with 
respect to the P,. 
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Chapter Ill, Section 2 


1. Notation: 


2 
a xy Hoe x5 ae —~ +00 7 Roig 
2 
QO = si ise a 3 See T+ Spi¢ 
o is oe o? o? 
— O.2 ees Dad 4 D2 TT ees D2 9 
Ox? Ox" Ox® a One ji 


n = p + qis the dimension of the space, and p, g > 0. 


2. Definitions of the generalized functions 8{(P), 59(P), 6(P,), 
8P_), P4, P4, (P + 10)4, (P — 10)". 


2.1. For p>1,q>1, 


(8(P), p) = ; ip _ a {ou (o-2), (u, 2)}| . uh(P-2) dy, 


(8(P), ~) = = bee fyh0-2p(u, | oe dv, 


mete Yi(u, v) - the integral of » over the manifold xj +... + «3 =u, 
par toe + ie =v divided by ui) yi@—h, 

These integrals converge for k < $n — 1. For k > 3n— | they 
are understood in the sense of their regularizations accounting to Chap- 
ter I, Section 3. 

The generalized functions 8{"(P) and 8{*(P) are defined similarly 
for the special cases p = | or g = 1. 


2.2 (P4,9) = J Po dx, ... ax,: 
P>0o 


(P2, ») = i= (—P)' 9 dx, ... dxy. 


These integrals converge for Re A > 0, and are analytic functions of 4. 
For Re A < 0 they are obtained by analytic continuation in A. 


2.3. 8*(P,) = (—1)FR! eS, Pp, 
k) — (_1\k bl 
6*(P_) = (—1)FR! res PA. 
2.4. (P + 10)? == pt + ert4pi 
(P —i0)* = Pi + e-7ipi. 
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3. The singularities of P’., P*, (P + 10)4, and (P — i0)*. 
3.1. p even, q odd. The generalized function P’ has simple poles 
at A = — k, where b is a positive integer; 


res, Pi = = a §°*-1(P), 


3.2 p odd, q even. The generalized function P’ has simple poles at 
A = — k, where k is a positive integer, and atA = — $n — k, wherek 
is a nonnegative integer; 


res P* ap ae ae 5-1 P), 


da—k (k— 1)! ? 
—])te tn 
res Pp = ON 18x, ésay ea) 
ae aR G +h 


3.3. p and q even. The generalized function P’ has simple poles at 
A = — k, where k is a positive integer; 
res PA = Cy = te V(P), for k<4$n; 
wk + (R— 1) ; 
res, B= (—1)te+e-1 siest1p) 4 au nt 
"= r(5 +R) ane (5 +k) 


L*5( i), «2s Bq) 


3.4. p and q odd. The generalized function P’ has simple poles at 
A=— 1, —2, .., — (42 — 1), and poles of second order at A = 
— $n — k, where k is a nonnegative integer. 


For k < $n, 


res pi = i nyo Se-1P), 


In the neighborhood of A = — $n — k, 


ee a ea ed 
Gaegeay aga) 
where 


(— 1)#+1) ahh-1 
aR ( 5 ae k) 


chk) — 


L¥8(x,, +++) Xp) 
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and 
cay = (ODI gdnet-n (py 
r (i+) 
a ta 1 ain-l p = Lis 


4*R! TP é fe r) 


3.5. To obtain the results for P4, use paragraphs 3.1-3.4 above, 
interchanging the roles of p and g and replacing L by — L and 8{*1(P) 
by 8{*(— P). 


3.6 The generalized functions (P + 70)4 and (P — 70)4 have only 


simple poles atA = — 4” — k, where k is a nonnegative integer; 
Pa res Ae + i0)4 = ; (P — 10) 
e~ —$nqi ott 


= ———_* L(x, aay: Mig s 
4RD (5 +k) 
4. Relations between 5\"(P), 8(P), 8(P,), and &(P_). 
4.1 8*(— P) = (—1)* 8(P). 
4.2. If m is odd, as well as if m is even and k < 4m — 1, then 
S((P) = AM(P) = 8O(P,); 
if nm is even and k > 4n — 1, then 
SP) — 8(P) = c, | LEAR +8(x4, 0.0) Xn)s 
BUMP) — BP) = 6g LP EM 48st, ones Hn) 
where cy9,4 and Cy o,~ are numerical coefficients. 
4,3. If p and g are even and k > 4m — 1, then 
(—1)# nto 


(—1)'8%(P,) — 8%(P_) = ; 
geiio(e + 1 — 2) 


L¥+1-48( 201, 0.45 Xn), 


and for all other cases 
§(P_) = (—1)8(P,). 
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5. Elementary solution K of the differential equation L*u = f(x). 
5.1. If n is odd, then 


eroir(s — r) 
K, = (—1)" Fa DeP (P +4 10)-de+# 
ebay ( = k) | 
= (—1)* We — Diate (Pytnte 4. et(-dntki Pxtntky, 
K, = K,. 


5.2. If n is even and k < 341, then 


Pe 6 — r) 


K, = (—1)* hips * i0)-tn+ 
etna (7 _ p 
ea a! 
4*(k — 1)! abn 


x 


Ptntk = (—1)-#n+e Prtn+k 4. ie ana §(dn-k-1(P,) |, 
G-#-1) 


where P;?"+* and P-#"+* are the constant terms of the Laurent expan- 


sions for Pi and P* about A= — $n +k; 
K, = R,. 
5.3. If mis even and k > 472, then 


$ngi 
K, = (—1)?e a __ (P + i0)-#n+* In (P + 10), 
4k (z —5) '(k — 1)! 


K, — Ky 


6. The equations of paragraphs 3 and 5 remain valid for any non- 
degenerate quadratic form 
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For this case we write 
nv 


o2 
L= > gt ; 
2 Ox, Ox 


Q — Dd 85055 ’ 
a,f=1 
where the g*# are defined by 23_1 guage” = 8% (here 58 is the Kronecker 
delta symbol). 
In order to use the equations of paragraph 3 in this case we must 


multiply on the right-hand sides by 1/| 4 |, and in order to use 
those of paragraph 5 we must multiply by V| 4 |, where J is the deter- 
minant of the coefficients of P. 


7. The Fourier transforms of the functions of paragraphs 1-6 are 
given in the table. 


Chapter Ill, Section 3 


1. The generalized function f(x,, ..., x,) is called a homogeneous 
function of degree d if for any g(x) in K and for « > 0 we have 


(9) = evi0) 


2. If f(x, ..., %,) is a positive continuous homogeneous function of 
the first degree, the generalized function 


(f.9) = [fe ae, 


is defined by the integral for Re A > — n and can be analytically conti- 
nued into the entire A plane except for the points A = — n — k, wherek 
is a nonnegative integer. At these points it has simple poles. The analytic 
continuation f* is given for Re A > -- n — k — 1 by 


(4,2) = [ feo [>() — 9(0) — ... 


+] FAX) ole) ax 
R-G 


4. > ] > ao [ fe) x1... Hn + ew, 


tt m\(A + 2 + m) ft ae Os 
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where G is a region containing the origin, I is its boundary, and w is 
the differential form 


X1 AXy ... Xin — Xq dx, Ang... AX_ + oe H+ (—1)*t! xy, dx, ... dy 


In the strip —» —k—1 < ReA < — n — k this same equation can be 
written 


1 Bk —p(0) 
A — A —_ — —) Sy —_____ 
(f, 0) = [ Xx) [e(x) — 9) —-.. — | set ag TE Tage. Oa | a. 
The residue of f{ atA = — n — kis 
(—1)* o*8(x) Cire he 
Ri yt. + e,=k Oxt se Oxtn r frt*(x) a 
In particular, at A = — n it is 
Six). | —2L. 
(*) |) 
3. Any formally homogeneous function ®(x) of degree — n and 


any region G containing the origin can be used to construct a generalized 
function 


Pile =|] Px) (oe) — pO] dx + [ — O(x) ofa) de, 
G R-G 


which coincides locally with ©(x) everywhere except at the origin. This 
generalized function is homogeneous of degree — n if and only if 


[ P-e =0, 


where I is the boundary of the region G, and w is the differential form 
given above. 

4. Any formally homogeneous function ®(x) of degree — n — m 
and any region G containing the origin can be used to construct a general- 
ized function 


®\¢ = i. D(x) [>() (0) Son =? xO, x te oe dx 


u a, _2"~*9(0) 
*, J were [p(e) BA aia (m— 1)! ne Mit s+ Ma" Baa, Ox | si 


FUNDAMENTAL DEFINITIONS AND EQUATIONS, VOL. I 357 


which coincides locally with ®(x) everywhere except at the origin. This 
generalized function is homogeneous of degree — n — m if and only if 


i: P(x) x4... xin > w = 0, > a; = mM. 


5. A homogeneous function ® of degree — m + | can be differentiated 
(in the sense of generalized functions) according to 


oP 


o@ 
oa Oe, l. + (—1)*? 8(%, ..., %) is D(x) dx, ... dx; d%x541 ... UXn, 


and the result is independent of the choice of G. 


Chapter Ill, Section 4 


1. A function G(x) = G(x, ..., x,) is called equivalent to a homogeneous 
function in the neighborhood of a point M if in this neighborhood there 
exists a local coordinate system §,, ..., €,, in terms of which G(x) is a 
homogeneous function. 

2. Inductive definition of a reducible point. In one dimension the point 
x9 on the real axis is called reducible (with respect to a function G(x) 
such that G(x,) = 0) if G(x) is equivalent to a homogeneous function in 
a neighborhood of xy. 

A point M on a hypersurface G(x,, ..., x,) = 0 is called reducible if 
in some neighborhood of M the function G is equivalent to a homoge- 
neous function, and the intersection of the G = 0 hypersurface with 
every sufficiently small sphere centered at M is a manifold each of whose 
points is reducible on this sphere. 

3. If local coordinates in the neighborhood of M can be choosen so 
that the homogeneous function G of degree m depends onk of the varia- 
bles, but cannot be chosen so that it depends on k — | of the variables, 
M is called a point of order k and degree m. 


4, Assume that the G = 0 hypersurface consists only of reducible 
points. The functional defined by the integral 


(G4, e) = = GXx,, wey Xp) P(%1, «04> Xp) UH, ... AXp, 


convergent for Re A > 0, is an analytic function of A. This analytic 
function can be continued to the entire A plane as a meromorphic 
function whose poles are given by a finite number of arithmetic progres- 


358 FUNDAMENTAL DEFINITIONS AND EQUATIONS, VOL. I 


sions. Specifically, each connected component (submanifold) of the 
G = 0 hypersurface consisting of points of order r and degree m 
generates poles at A = — (r + k)/m,k = 0, 1,... . If there exist several 
connected components imbedded one in the other, each component 
consisting of points of a given order, and if A = A, belongs to more 
than one progression generated by these components, the multiplicity 
of the pole at A = A, increases correspondingly. 

In particular, if the G = 0 hypersurface has no singular points (that 
is, all of its points are reducible of order one and degree one), the poles 
of (G*, ¢) are all included in the set A= — 1, — 2,..., — m 


5. Assume that the G = 0 hypersurface consists only of reducible 
points and that the G = c hypersurface, with c > 0, has no singular 
points. Further, let the differential form w be defined by dG - w = dv. 
Then the integral 


I(c) = i 4, Mt 9 Hn) 1 @ = (OG — €), @) 


has the asymptotic expansion 


ao 4M, 


I(c)x > > Bim’) Inm? ¢, 


k=1 m=1 


where 0 > — A, > — A, >... are the poles of (G4, ~), m, is the multi- 
plicity of the pole at — A,, and a,,, is (— 1)™"1/(m — 1)! times the 
coefficient of (A + A,)~™ in the Laurent expansion for (G’, g) about the 
pole at — dA,. 

6. In particular, 


| pap My =f ve 


ty=c 


© 9x, 0) = (0, ¥) 
—29(0, 0) Inc + is 2 dx + [ear dy + sey 


where we have omitted terms which vanish as c — 0. Equivalently, 


(x) 


d(xy — c) = —28(x, y) Inc + ty) 4 OF + o(c). 


7. For G= x? + y® + 2% — t?, we have 


&, t) 


{(G —c) = &G)+clnc Med Bt) + ¢8’(G) + o(c). 


15 


16 


TABLE OF FOURIER TRANSFORMS 


1. Functions of a Single Variable 


Generalized | Fourier transform 
function f | FLf] 
Ordinary summable | Pee ia oe 
function f(x) | ALA J J”) ad 
8(x) ! 
l 2a 8(c) 
Polynomial P(x) 2nP (— 4) 8(c) 
do 
52m) (x) (—1)"02™ 
5@m+)) (x) (— ])m+1 to2mt1 
ee 2a 8(s — 1b) 
sin bx —1in[8(s + 5) — &(s — 6)] 
cos bx a[8(s + 5) + d&(s — )] 
sinh bx a[5(s — 2b) — &(s + 2b) 
cosh bx a[8(s — 1b) + &(s + 26)] 
ak Analytic functional i W/2x exp (s?/2) (inte- 
a= , Vn exp #12) 
Ps gration along the imaginary axis) 
4 ._ Aq bo edad 
| x | (A 4 —1, —3,...) —2 sin PA + 1) i ¢| 
ee _ 23044) | g |-a-1 
(Cate eave 
ry (3 
2 2 
| x |4 sgn x . An G4 
(i429 =4..9 2i cos > P(A + 1) | 2! seno 


4 — 
g(x) = 2-# aE Le V 2m ig_y-1(2) 
r() Vin 
2 = V2rt 


224+) |o |-4-1 sone 
lA; * 
r( 2 -) 
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Continued 
Entry Generalized | Fourier transform 
no, function f Ff] 
17 xm 2(—t)™ 7 8a) 
m mM e m1 
18 x 1 ae ol sono 
19 ot in SENG 
20 x —7 | o | 
21 xt (AX —, —2,...) | 27) PA + 1) (6 + 2077! 
= iT(A+ 1) 
x [e¥(a/®) g=A-1 __ @- titan /2) g~ 4-1] * 
22 x intin! g- "1 4. (—2)" 7 8c) 
23 (x) to~1 + 78(o) 
24 ue (A # —1, —2,...) | —te-*/) TA 4+ 1) (e — 10-7} 
= iT(A + 1) 
x [et7/2) | a em 14( 7/2) Fae 
JaretMn/2) 

ae 7 
25 (x + 20) T(r) on 

. Dare tM7/2) 

— 70) Ii 

26 (x — 20) T(—a) oF 


In Entries 27-38 we write: 


(n) 
itr F(X 41) = roa + al) 4 APA + 2) + os 


(n) 


te) TA 4 1) = ia +6 4. (A +n) +, 


(n) 
=) sin raA+1)= er + cl) 4 AOA 42) Fone, 


{n) 
any 


A+n 


2 cos = rA+1)= + dm) 4. dir + n). 


* Second expression for A #0, +1, +2, +3,.... 
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Continued 


Generalized Fourier transform 
function f | Ff] 


Entry 


no. 


The ai"), ai”), ... are given by: 


(m) — oreaeae ee n ” 
* (n— lt, 447 8 + ( — 
+65 [l+5+—- +57 +r]; 
BN a: oi) == 2-Re a; a”) = 2Ima\”, 


In particular, 


2(—1)*- 7 
bn =) = or ae cos (” — I) 53 


xX (o —10)-*} 


—T(A + 1) (¢ —10)-*" In (o — i0) 


(n) a aGivee 
co (n Tha ( I)5 ; 
7 | x |-2m—1 cert iget a a oa In | og | 
28 x-2™ son x id(Q2m)g2m—1 _ ¢q@m)g2m-1 |p | g | 
29 xt In x, jeitn/2) [ra +1) + iS TA+ | 
A # —1, —2,..) are 
xX (@ +20)-* 
{ 
| TQ + 1)(o + 10)-** In (o + i0)| 
A 
30 min 8 —ie~#en/2 | [ra+l) —iF 7A +d] 
(A # —1, —2, ...) 
| 
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32 
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r(-5) 
paren) 
St Se (n+2m) (n+2m) : 
=e ae Pe + cf (A + 2 + 2m) +...; 
the right-hand side is the Laurent expansion of this function aboutA = —n—2m. 
Further, 
Q, = = 
r(5) 
is the hypersurface area of the unit sphere in m dimensions. 
rinr aC, Si 
OO Se aap eee) Dee ae 
r+ In? | aC, 4 aC, 4. 
(2 ay ort To ae 
X Inp + Cyp-*" In? p 
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( ) Oey ; X J yen—2)(4p) 
11 The same, for n = 3 yi poli 
d \™ &r—a) ica bry ates 
12 Ga) aC] Pe DT OQ 


For the notation in Entries 13-25 see the Summary of Fundamental Defini- 
tions and Equations for Chapter III, Section 2. 
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APPENDIX A 


PROOF OF THE COMPLETENESS OF THE 
GENERALIZED-FUNCTION SPACE 


In Chapter I, Section 1.8 we asserted that the generalized-function 
space K’ is (sequentially) complete under convergence as defined there. 
In other words, given a sequence of functionals f,, fs, ..., f,, .... such that 
for every » in K the number sequence (f,, y) converges, f(y) = 
lim, _,o (f+. y) is again a continuous linear functional on K. We shall 
prove this assertion in the present appendix. 

To show that f(¢) is linear is quite simple. In fact, 


F (orp + pe) = lim f, (4M, + Ae) = lim {f(a191) + f.(e2~2)} 


= %f(p1) + %f(¢2)- 


What is important is to prove the continuity of f(¢). Let {p,} be a sequence 
of functions converging to zero in K. We must show that f(g,)—0. 

Let us assume the contrary. Then choosing, if necessary, a sub- 
sequence, we may assume that | f(g,) | >ec > 0. 

Now recall that convergence of a sequence {g,} to zero in K means 
that all the »,(x) vanish outside some bounded region and that they all 
converge to zero uniformly in R, together with all their derivatives. 
Again choosing a subsequence, we may assume that | D'g,(x) | < 1/4’, 
k=0, |, ..., v. 

Let us now write ys, = 2’,. Then the y, also converge to zero in K, 
but | f(},) | > &. 

We now define a subsequence {f;} and another subsequence {¢,} as 
follows. 

Choose x; so that | f(y) | > 1. Now since (f,, 4) — f(b), we may 
choose f, such that | (fj, 44) | > 1. 

Now suppose we have chosen f; and ;, 7 = 1, 2, .., » — 1. We 
now choose ¢, to be one of the {%,} sequence with index so high that 


wl<see, 8 =0,1,..49 13 (a) 
v—1 

| fe) | > 2, LAH) | vs (b) 
j= 
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The first is possible because the ys, converge to zero in K and there- 
fore (f,, %,) — 0 for any generalized function f,. The second is possible 
because | f(,) | > ~. Since (f,, 4) — f(s), we may choose f; from the 
{f,} sequence such that 


et > Sef ¥) | +». (b’) 


In this way we can go and construct the new infinite sequences 
{ys} and {f}}. Now let us write 


By construction the series on the right converges in K, and therefore 
y% is in AK. Further, 


(Fo 8) = SF 98) + Gott) + By (Padi 


i=» 


But from (b’) and the fact that 


> av < pi sm =i 


j=v41 jet 
we arrive at 


I (fo #) | >» — 1, 


which eae that | (f., %) | > © asvy —™, But this contradicts lim,,.. 


(fio p) = 


ee f(y») > 0, and the limit functional f is therefore 
continuous. 


APPENDIX B 


GENERALIZED FUNCTIONS 
OF COMPLEX VARIABLES 


This Appendix is essentially a short introduction to the theory of 
generalized functions of one and several complex variables. At the 
author’s suggestion it has been moved from the fifth volume of 
the Russian work to the first volume of the English translation. The 
results of Sections B1.1—-B1.7, B2.1-B2.3, B2.5, and B.2.7 are used in 
Chapters IJ-IV of Volume V. 


B1. Generalized Functions of a Single Complex Variable 
B1.1. The Variables z and z 


It is often convenient to treat a function f(x, y) of two real variables 
x and y as a function of a single complex variable z = x + ty. 

Then instead of using the differential operators 0/0x and @/éy, one 
uses derivatives with respect to z and 3, namely @/éz and 0/é%. These 
new operators are defined with the requirement that the ordinary rules 
of differentiation, in particular the chain rule, hold for them, so that 


ama m0 _ 9, 8 
Ox Oxdzx ' OxdZF Oz ' OF 

and 
Je ae a) 


yoy oe apa > oe oe 


From this we find that 


as 73s ~ 1) () 
a ale tip) (") 
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Note that the Laplacian 4 = 0?/0x? + 07/0y* can be written in terms 
of the complex differential operators in the form 


g2 
A=4 5 0203 


There follow some examples of differentiation with respect to z and 2. 
Example 1. 0| 2 |?/0z = O(z2)/0z = %. Similarly, 0| z |?/0% = z. 
Example 2. d2"/0z% = 0. 


Example 3. Let P(x, y) be a polynomial in x» and y. By writing 
x = d(z + 2) and y = (— 1/2) (z — 2), we write P as a polynomial 
in z and 3, namely P(x, y) = P,(z, 2). It is easily verified that the deri- 
vative of P,(z, 2) with respect to z or % is obtained as though z 
and % were independent variables. 

When using the variables z and 2 we shall write a function f(x, y) in 
the form f,(z, 2), by which we shall mean 


fle 8) =f (le +2) — Sl — Al). 


In this notation an analytic function is written f(z). This is because the 
Cauchy- Riemann conditions @u/0x = dv/dy and éu/a@y = — dv/dx can 
be written for the function f = u + iv in the form éf/é% = 0. 

Similarly, antianalytic functions are defined by the condition 0f/éz = 0. 
It is therefore natural to write them in the form /(2).1 (We note that if 
fis an analytic function, f is an antianalytic.) 

Let us now write the Maclaurin expansion of an arbitrary function 
(x, v) = A(z, 2) in powers of z and %. We have 


2, ai+k £0, 0) xy" 
p> Oxi Oyk GIRL 


fe) =D (x2 +y2)"s0,0) = 
a nl Ox oy je 
It is easily seen that 
dn By * da + 7 o8° 
Therefore in terms of z and 2 the Maclaurin series may be written 
(we now write f instead of f,) 


fe 8) = dan (* < +24) f(0,0) = Der ae = ae (3) 


1 We shall maintain this convention only for a while, until the reader becomes accus- 
tomed to the notation. Later, in the interests of conciseness, we shall write simply f(z) 
for any arbitrary function of z and Z, whether or not it be analytic. 
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where we have introduced the notation 


_,__ O+*f(z, 2) 
(7.k) — ee A AE aR 8 
PON 2) = Fes Bae 


In particular, for analytic functions this series has no terms in 2, 
and for antianalytic ones none in 2. 

On integrating some f(z, 2) it is convenient to replace the differential 
form dx dy by dz dz. This new differential form is defined as the exterior 
product of the differential forms dz = dx + 1 dy and d? = dx — i dy, or 

dz d& = (dx +1 dy) (dx —idy) = —2i dx dy. 
Thus 


dx dy = 5 dz di. (4) 


On integrating over the complex plane, we may use the following 
rule for a change of variables. Let z = y(£) be an analytic function of 
{ which maps a region D, of the ¢ plane in a one-to-one way onto a 
region D, of the z plane. Then 


5 |, Me 8)dede = 5 f | Mo, H0)1| © [te a (5) 


Indeed, for this case we have dz = '(f)dl, and d? = ¢'(£)d@. 
It is a simple matter also to verify the formula for integration by 
parts, namely 


; i pi”) (2, 8) f(z, 2) dz dz = (iy | os, 2) f9-"\(z, 2) dz dz, (6) 


where 9(z, 2) and f(z, 2) are sufficiently smooth functions of bounded 
support. 


B1.2. Homogeneous Functions of a Complex Variable 


Let A and p» be any complex numbers such that A — yp is an integer. 
A function F(z, 2) is called a homogeneous function of degree (A, p) if 
for every complex number a + 0 we have? 


Faz, G2) = a’a+ F(z, 2). (1) 


2 By definition 
atge = | a |4*# exp {1(A — p) arg a} 


which, for integral A — p, is a single-valued function of a. 
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One might have supposed that homogeneous functions could be 
defined by the more general condition 


F(az, 42) = oa) F(z, 2), (1’) 
but this world imply that a(a) must satisfy the functional equation 
a(ab) = a(a) a(d). 
The solution of this equation (obtained, for instance, by transforming to 
polar coordinates) is 
a(a) = a*ae, 


where A and p are any complex numbers such that A — yp is an integer. 
We shall define a homogeneous generalized function F(z, 2) of degree 


(A, ) also by Eq. (1). 

To make such a definition meaningful, we rewrite it in the form in 
which it must appear for generalized functions. To the ordinary func- 
tion F(z, 2) corresponds the functional 


(F, v) = : | Fe 2) (2, 2) dz dz. 
A formal change of variables leads to 
(F, (2/4, 2/a@)) = aa | Faz, G2) o(2, 2) dz az. 


Therefore the condition that F be a homogeneous generalized function 
of degree (A, .) may be written 


(F, p(2/a, 2/2)) = at) au+l(F, (2, 2)). (2) 
We shall show later (Section B1.6) that to every pair of complex num- 
bers A, whose difference is an integer, there corresponds, up to a 


multiplicative factor, one and only one homogeneous generalized 
function of degree (A, 1). 


B1.3. The Homogeneous Generalized Functions z4z# 
In this section we shall define the homogeneous generalized function 
zz“ on K. Let us assume first that Re (A + yx) > — 2. We then define 


the generalized function 243 by the integral 


(x48, 9) = 5 | 248 oz, 2) da ds, (1) 
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which converges, and in which is infinitely differentiable function 
with bounded support (i.e., g is in K). It is clear that 24% is a homoge- 
neous function of degree (A, ,). 

We now wish to extend the definition to Re (A + ») < — 2. Equa- 
tion (1) will no longer suffice, since the integral in it diverges. We shall 
show however, that this integral can be regularized and that its regular1- 
zation yields a homogeneous generalized function. 

We introduce the new variables s=A-+ pw and nm = A — p (the 
reader should bear in mind that m is always an integer, while s may be 
any complex number) and transform to polar coordinates in (1), writing 
z = re; then 


(248 9) = fr eal) dr (2) 


where we have written 
an . 
g(r) = | g(ret, re-#2) eine dy 
0 


Let us now consider a fixed function g(z, 2) in K and a fixed integer 2. 
Then the expression (2724, ~) defined by (2) is an analytic function of s 
for Re s > —2. We now continue this function analytically to Res << —2. 
This analytic continuation (at its regular points, that is, for s # —2, 
— 3, ...) is then taken as the definition of (24%«, m) for Re s << —2. Obvi- 
ously, the homogeneity is maintained under analytic continuation in s, 
so that at the regular points in s the functional (24%, pm) defines a homo- 
geneous generalized function, which we shall denote simply 2434. 

In other words the homogeneous generalized function 2434 is defined 
by the integral of Eq. (1), which converges for Re (A + yu) > —2, and 
is an analytic function of s=A-+-p for Re s> —2. For Res <—2 this 
integral is to be understood in the sense of its analytic continuation in 
s (for fixed n = A — yp). 

Let us now obtain an explicit expression for this new generalized 
function. For this purpose we rewrite the defining integral for 
Re (A + «) > —2 in the form 


: m=1 kgl 
Ag = = Ags >) — (x, i) aa s 
(2484, ~) 5 i wige lot, 2) 2, g*-9(0, 0) Rill | dz dz 
f 5 i z'gt @(z, #) dz dz 
jzi>1 
ml (kD) 
¥ 28") Ee 5 | att gett da da. 


+ 
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The last integral can be calculated directly. In polar coordinates, in 
fact, we have 


1 27 
attkgut! dz d? = | ph+lss+ dy | ei RU4 M1 doy 
0 0 


Nis 


[@}<1 


_ (Qnk+14+542>) ifk—-l=—4, 
=| 0 ifk—l1~—n, 


Thus for Re (A + 4) > —2 we may write 


. m=1 kel 
Is =e as =\ _ (kD) ee = 
(38, 9) = 5 is alge [o(s, 2) 2, p00, 0) 5 | dz di 


(4) 


. mt 
+5 { x'gu g(x, 2) dz d+ 2m >, 0,0) (AMA +1454 2)>. 
k+i=0 


1 
[2} > Poi eters 


Now Eq. (4) defines 24% for Re (A + ») > —m — 2. The first and 
second terms in this equation are analytic functions of s = A + yw for 
Re s > —m — 2, so that the only singularities in this generalized 


function are contributed by the third term at s = —k —/—2 and 
—n =k — I, or for A= —k — 1, » = —/1 — 1. Thus the generalized 
function 24% is analytic everywhere except at the points A, » = —k — 1, 


where & is a nonnegative integer. At such points 2424 has simple poles 
as a function of s = A + yp (for fixed integer nm = A — yp). At its regular 
points for Re s > —m — 2, the functional (2424, ~) is given by Eq. (4). 
Its residue at’ = —k — | and p = —/ — | (fork, 1 = 0, 1, ...) is given 
by’ 


Qn 
As = : 
ie al dies Ril! Pee ©) 


This equation can also be written in the form 


(— 1 e+e 
res g48# == Qo ~_—-__ §{#. 0g, 3), (6) 
iri Ril! 


where the delta function 8(z, 2) is defined by 


(5, ») = (0, 0) 


3 This is understood as the residue of the function of s = A + pw for fixed n = A — p. 
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and where* 


ak+! 8(z, 2) 

(Ee g\ a SEN 

rs) (2, 2) ak ast 
gery sain cates Okt 

(sa ag ,?) ae (r me) 


Note that in the strip —m—2 < Re(A+ yp) < —m—1, (4) 
reduces to the simpler expression 


(2434, ») = i | zige [o(e, 2)— >) ¢*0, 0) #7] dz dz. (7) 


k+l=0 
It is often convenient to consider the normalized generalized function 


2Age 
Psst 3ia|+1)/ 


where s = A+ p, and n =A— yp. The gamma function in the deno- 
minator has simple poles at s = —k —!1—2 and —n =k —1 (for 
k, | nonnegative integers), that is for A and yp negative integers. These 
poles are at the same points as those of 242", and their residues are given 
by 

res Tbs +4 n| +1) = 2-1! (8) 


e=—t-1 


where j = (Rk + 1) —$|k —1| = min(k, 1). This means that 
2ige/I(4s + $|n| + 1) is an entire analytic function of s = A + pw for 
each fixed n = ’ — p and is homogeneous in z and 2 of degree (A, ,). 


It follows from (8) that atA = —k — 1,» = —/ — 1, the normalized 
function is given by 
ign _ (—1)*+449 7! oa . 
Fest dela), 7 0) 
p=—l-1 


with j as defined above. 

Thus for each pair of complex numbers 4 and pu whose difference 
is an integer, we have constructed a homogeneous generalized function 
of degree (A, »). If either A or pw differs from a nonnegative integer, 
this generalized function is concentrated on the entire z plane. If, how- 
ever, both A and yp are negative integers, it is concentrated at the point 


a= 0. 


4 The derivatives of a generalized function f are defined by 
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We shall show in Section B1.6 that no other homogeneous generalized 
functions exist. 


B1.4. The Generalized Function z—*-1 and Its Derivatives 


As we have seen in the preceding section, 24%“ is a generalized 
function analytic in A and yp, regular at A = —1, —2, ... and » = 0. 
Thus there exists a generalized function which we may call z—*-!, where 
k is a nonnegative integer. It is defined as the regularization of the 
integral 


(2—*-1, 9) = 5 | 2] o(z, 2) dz dz, (1) 


which can be calculated by integrating by parts k times over 2 in the 
equation 


(2434, p) = =| 4B" o(z, 2) dz dz 
and then setting A = —k —1, » = 0. This gives 


(x, @) = ah, f 2 pte, 8) de ae, (2) 


which can be written in the form 
gk = (—1f§ = 1 6*(27) 
Rt azt 

Let us now calculate the derivative of z—*—! with respect to z. It may seem 
at first that this derivative vanishes. It does not, however, since 2~*—} 
is not analytic at z = 0, where it has in fact a pole. Therefore its deri- 
vative with respect to % should be a generalized function concentrated 
at z = 0. 

To calculate the desired derivative we first note that for « ~ 0 

7) 


pees gk-lt+e 3x — ag —k-1t+e go-1, 


OR 
Now let « approach zero. According to Section B1.3 we have 


1 —k— 5a— 1 
Lim oz k-lia ga-1 — @ tes 24g4 = = (De oe als (2 2). 
#=—1 


5 See footnote 3 in Section B.1.3. 
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Thus 


x a-*-1 = (1) ii S(4.0(z, 2), (3) 


B1.5. Associated Homogeneous Functions 


A generalized function F(z, 2) is called associated homogeneous of 
order one and of degree (A, ) if for every complex number a 4 0 
we have 


F(az, 42) = a4d# [F(z, 2) + F(z, 2) In| @| ], (1) 


where F,(z, 2) is some homogeneous generalized function of the same 
degree. Associated homogeneous generalized functions of higher orders 
are defined similarly. 

Let us calculate some associated homogeneous generalized functions 
of degree (A, p). 

Assume first that A and yw are not both negative integers. Then the 
generalized function 24+#93+#* is regular in the neighborhood of s = 0. 
Expanding it in a Taylor’s series about this point, we obtain 


gtd gusts — ghgu +. szige in | 2 | +5 7 ae In? | 2|+- (2) 


It is easily verified that the coefficients of this expansion, namely the 
generalized functions 24% ln™ | z | are associated functions of order m, 
and that they are given explicitly by 


(24z4 In” | z |, ~) = 5 | z*a In™ | x | p(2, 2) dz dz, (3) 


where the integral is understood in the sense of its regularization.® 
Let us now turn to the special case in which A = —k —1 and 
yp = —I — | (with k and / nonnegative integers). In this case 24+48gzu+ts 
has a simple pole at s = 0; we then expand it in a Laurent series in 
powers of s. The coefficients of this series will again be associated 
generalized functions. The constant term of the Laurent expansion, an 


6 The regularization of (3) is defined in the same way as the regularization of the 
integral for (24z#, p) in Section B1.3. 
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associated generalized function of order one, shall be denoted by 
g—k-1z-l-1. Tt is defined by 
ghgi 


(g-F-Ag-I1, g) = Ef bag (z, 2) — Ss (4.90, 0) == 
»— 9 P\; ? hij 7 


h+j=0 


—A1—|z|) > 90,0) il v3 | de de, (4) 


hy j=k+t 


where 6(x) = 0 for x < 0, and @(x) = 1 for x > 0. 
This formula is obtained directly from the expression for (243+, q) 
[that is, Eq. (4) of Section B1.3]. 


B1.6. Uniqueness Theorem for Homogeneous Generalized Functions 


In Section B1.3 we found that to every pair of complex numbers A, 
# whose difference is an integer there corresponds a homogeneous 
generalized function of degree (A, ) defined on K, and we constructed 
these generalized functions. We shall now show that these functions 
exhaust all the homogeneous generalized functions of z and 2 (up to a 
multiplicative factor). In other words, we shall show that up to a con- 
stant factor there exists one and only one homogeneous generalized 
function of each degree. 

We start by deriving a differential equation. Let F be a homogeneous 
generalized function of degree (A, ), so that 


F(az, 42) = a’dt F(z, 2). (1) 
Differentiating with respect to a and setting a = 1, we arrive at 


OF 
Similarly, by differentiating (1) with respect to @ and setting @ = 1, 
we obtain 
3 oF = pF. (2’) 


Thus homogeneous generalized functions of degree (A, ) satisfy the 
system of differential equations represented by (2) and (2’). Let us now 
solve these equations. We transform to polar coordinates z = re* and 
% = re~*', transforming the equations to the form 


| OF .OF 


EM, IPE ow 
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For r ~ 0 these equations can be integrated in the usual way. Simple 
operations lead to 


F = Cre eitt-wa = Czigu, (4) 


This shows that if F(z, 2) is a homogeneous generalized function of 
degree (A, 4), it coincides with the ordinary function Cz+z« for z 4 0. 

We now prove uniqueness for all z in the nonsingular case (A, ») 4 
(—k — 1, —l — 1), where k, / = 0, 1, 2, .... In this case 24¢ as con- 
structed in Section B1.3 is nonzero in the neighborhood of any point z. 
Let D(z, 2) be a homogeneous generalized function of degree (A, 2). 
As we have just shown, for z 4 0 we may write (2, 2) = Cx4z. 
Consequently, 


®,(z, 2) = O(z, 2) — C243 


is a generalized function concentrated at z = 0. It remains to be shown 
that ®,(z, 2) = 0. This will be seen to follow from the fact’ that any 
generalized function of two variables concentrated at the point x = 0, 
y = Ois a linear combination of derivatives of d(x, ¥). 

Since ®,(z, 2) is concentrated at z = 0, we may write 


n 


®,(z, 2) = > Cy, 8%) (x, 2). 


k,i=0 


Each term of the form c,)6'*.)(z, 2) in this sum is a homogeneous 
generalized function of degree (—k — 1, —/ — 1), and since ®,(z, 2) 
is of degree (A, u») # (—k — 1, —/ — 1), it must vanish. Thus for this 
nonsingular case we have proven that any such homogeneous generalized 
function may be written 


P(z, 2) = C243. 
Let us now consider the singular case in which A = —k — 1, 
pe = —l — 1, where k and / are nonnegative integers. For this case 


5(*.0(z, 2) is a homogeneous generalized function of degree (—k — 1, 
—!— 1)concentrated at z = 0. It is easily seen that there exist no other 
homogeneous generalized functions of this degree concentrated at 
z=0. 

We shall show further that there exist also no homogeneous general- 
ized functions of this degree concentrated anywhere on the 2 plane. 
Indeed, assume that ®(z, 2) is such a generalized function. Then for 
z #0, it coincides with the ordinary function C2z~*-1z~'"1 for some 


7 See Volume II, Chapter II, Section 4.5. 
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C +~ 0. On the other hand, as we have seen in Section B1.5, the associated 
homogeneous generalized function 2—*-!z-!-! coincides with the ordinary 
function z—*-1z-'-1 for z 4 0.8 Therefore these two generalized func- 
tions can differ only at the origin, and hence 


@, (2, Z) = O(z, 2) —Ce® 1 Zz) 


is an associated homogeneous generalized function concentrated at z=0. 
But all generalized functions concentrated at z = 0 are linear combina- 
tions of the 5'*-(z, %), which are homogeneous but not associated homo- 
geneous. Thus ®, vanishes identically, and ® is associated homogeneous, 
contrary to assumption. It follows, then, that any homogeneous general- 
ized function of degree (—k — 1, —/ — 1) must be concentrated at 
z= 0. 

We have thus established that to every pair of complex numbers 4, 
u whose difference is an integer there corresponds, up to a multiplicative 
factor, one and only one homogeneous generalized function of degree 
(A, 1). 

It is easily shown in the same way that to every such pair of complex 
numbers there corresponds, again up to a multiplicative factor, one and 
only one associated homogeneous generalized function of any order and 
of degree (A, ,). 


B1.7. Fourier Transforms of Test Functions and of Generalized Functions 


We shall call the Fourier transform of a function ¢(z, 2) in K the 
function ¢(w, #) defined by 


@(w, w) = : | p(2, 2) exp [7 Re (zw)] dz dz 
= ; i (2, 2) exp [3 i(ew ++ a)| dz dz. (1) 


When we transform from the complex variables z, w to real ones by 
writing z= x + ty and w = u + iv, Eq. (1) becomes 


G(u, 0) = | lx, y) ete dx dy. (1') 
Thus to within the sign of v, our definition of ¢ agrees with the ordinary 


§ See Eq. (4) of Section B1.5. 
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Fourier transform of g when this latter is treated as a function of the 
two real variables x and y.° 

Itis known that if (2, 2) and f(z, 2) are two test functions and ¢(w, #) 
and /(w, #) are their Fourier transforms, then 


; | H(& 3) G(2, 3) dz dz = a ) f(w, ) G(w, &) dw der. (2) 


This relation may be interpreted in the following way. If /(w, #) is 
considered a generalized function, its action on ¢(w, @) is given by the 
formula 


(A, G) = 47°(f, @). (3) 


It is a simple matter to show that ¢(w, #) is the Fourier transform of 
¢(—2z, —#%). Thus if we replace ¢ by ¢ in (3), we arrive at 


(f, ?) = 4n*(f, p(—2, —2)). (4) 


Now this equation may be used to define the Fourier transform of a 
generalized function F(z, 2). We shall thus say that the Fourier transform 
of a generalized function F(z, 2) is the generalized function F(w, #) 
defined by the equation 


(F, %) = 4n°(F, P1)> (5) 


where $(w, w) is the Fourier transform of (2,2), and 9,(z, 2) = 
o(—2, —2). 

Note that F is a generalized function defined not on K, but on Z, 
the space of Fourier transforms of functions in K. If, however, we had 
been dealing with generalized functions defined on S, the space of 
rapidly decreasing infinitely differentiable functions (recall that all 
their derivatives must also be rapidly decreasing), then F and F would 
both have been defined on the same test-function space. 

We wish to prove that the Fourier transform F of a homogeneous 
generalized function F of degree (A, ») is homogeneous of degree 
(—A — 1, —p — 1). Indeed, if ¢(w, H) is the Fourier transform of 
g(z, 2), the Fourier transform of g(2/a, 2/a@) will be | a |*G@(aw, dw). 


® It is sometimes convenient to define the Fourier transform rather by the formula 
i 


p(w, w) = 5 i p(z, 2) exp [4 i(2a + Zw)] dz dz. 


With this definition g coincides with the ordinary Fourier transform of ¢ treated as a 
function of x and y. We shall on various occasions make use of both of these definitions. 
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Thus if F(z, 2) is homogeneous of degree (A, «), then 
| a |*(F, G(aw, ai)) = 4n°(F, o(—2/a, —3/a)) 
= 477 a4] G4+1(F, g(—2z, —2)) 


= at Gur, 6). 
We now replace a by a! in this equation, arriving at 
(F, G(w/a, &/a)) = a~*a-“(F, §), (6) 


as asserted. 
We have shown in Section B1.3 that 


As 
F(z, %) = es 
Pgs +2|n| +1) 
is a homogeneous generalized function of degree (A, u), where s = A + pw 
and m = A — yw. Thus its Fourier transform may be written 


qw4-1 w-#o-1 


r(—gs + $(n)) 


F(w, ©) = cA, 1) (7) 


where c(A, #) is some constant. This constant can be calculated by 
comparing the expressions for (F, g(—z, —%)) with (F, ¢) for some 
conveniently chosen fixed test function g(z, 2). We shall show below 
that 


(A, fe) = DAH? ala, (8) 


and thus that the Fourier transforms of the homogeneous generalized 
functions are given by 


pera A.) eee Das ut? gild—u! =e a (9) 
Pgs+%3|na| +1) I(—ss + 3|21) 


where s=A4+4ypandn=A— yp. 
Let us proceed to calculate c(A, «). In order to be specific we choose 
n= X — p > O. For our test function we choose! 


@(z, 2) = #-# exp (—4 22). 
10 This function does not have bounded support. Since, however, z4z is an algebraically 


increasing function, the functional represented by (z4%#, py) can be extended to S, and 
in particular to the test function we have chosen, which is in S. 
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To calculate the Fourier transform of this function we first note, as is 
seen from a simple calculation, that 


J exp {4 [—2% + i(zw + 30)]} dz d& = 2n exp (—$ wo). 


Now differentiate this 2 times with respect to # (recall that nm = A — yp). 
This yields 


1 A—u+1 2 
(=) | &/-¥ exp {4 [—2% + 1t(2w + 3m)]} dz dz 


= 2n(—}. 0) exp (—$ wi). 
Hence for the chosen test function 
G(w, ©) = 2nit-« wi exp (—Z we). 
We now insert this expression and the right-hand side of Eq. (7) into 


xige 


(Pen 8), Bn )) = Ant (FE 


, [~a]*« exp {4 24}}) 
to arrive at 
Qmt*—H CA, p.) (2? BH, wi-# exp {—4 wid})/'(—p) 
= (—1) 4n2(z4z4, 34-« exp {—4 23})/T(A + 1). (10) 


The expressions on both sides of this equation are easily calculated with 
the aid of the formula 


i (22)*"! exp (— $28) dz d& = 2n | r20-1 exp (—$r®) dr = 2% aI(a) 
0 


(for Re « < 0, the integral is to be understood in the sense of its regulari- 
zation). Specifically, we have 


(2tz4, BH exp {—} 28}) = : | (23) exp (—4 22) dz d¥ = 2441 nI'(A + 1) 
and 
(1 1, whe exp {—f wi) = 2 nT (—w). 


When these relations are inserted into (10), we obtain c(A, ») = 
2itut2aii-e, This result has been obtained on the assumption that 
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A — p > 0. When dA — yp < 0, the positions of A and p are interchanged. 
Thus we arrive at Eq. (8). 

In particular, when A and yw are integers, both of the same sign, the 
relevant Fourier transforms are 


gksl — 4n*( —2i)*+18(% (a9, @) 
and 
SD(z, 3) == (21)-*-! what, 


where k, / = 0, 1, 2, .... 


B1.8. The Generalized Function f4(z) f(z), Where f(z) Is a 
Meromorphic Function 


Let us now define the generalized function /(z)/(z) where f(z) is a 
meromorphic function of z, and A and yp are complex numbers such that 
A — pis an integer. 

We start by considering the simpler case in which f(z) is an entire 
. function. For this case we define /(z)/(z) by 


(Ff#, 9) = 4 | fe) (2) ole, &) de ae. (1) 


For given AX — » = m and for Re(A + pz) > 0, the integral in this 
expressions converges and is an analytic function of A+ yw. For 
Re (A + yx) <0, we shall understand the integral in the sense of its 
analytic continuation in A + yu. Our problem is to give meaning to the 
integral when f(z) is a meromorphic function. The simple definition 
we have given above will not work for this case, since the integral will 
then fail to converge in general for all A and y. 

Any 9(z, 2) in K can be written as a linear combination of other 
functions in K, each with support in a sufficiently small region. We may 
therefore proceed by first giving meaning to the integral in (1) for 
g(z, 2) with support in a small region. 

Let us thus assume that g(z, 2%) has support in a region containing a 
single k-fold zero and no poles of f(z). Then for given A — yp the integral 
of (1) is known to converge for Re (A + yu) > 0 and is an analytic func- 
tion of A + yw. For Re (A + yp) < 0 we proceed by analytic continuation 
inA + p. 

Let us find the singularities of (f*f4, p) for this case. We may without 
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loss of generality assume that f(z) has a zero at z = O and that o(z) has 
support in a neighborhood of this point. Then 


F(z) = 2"fi2), 


where f,(z) is a function regular in the neighborhood of z = 0, and 
f,(0) 4 0. Consequently 


(f'f4, p) = | gkigku fi(z) fu(z) o(z, 2) dz dz. 


It is seen from this result that the singularities of (f*/#, p) coincide with 
the singularities of the generalized homogeneous function 2*4z*«, con- 
sidered a function of A and yw. The results of Section B1.3 then lead to 
the conclusion that if g(z) has its support in a neighborhood of a k-fold 
zero of f(z), the only singularities of (f*/“, ~) (considered an analytic 
function of \ and y) are simples poles at (A, ») = (—p/k, —q/k), where 
p,q = 1, 2, ... (and A — yp is an integer). 

Assume now that o({z) has support in a region containing a single pole 
of order / and no zeros of f(z). Then the integral (/*/", ») will converge 
for Re (A + pv) < 0; for Re(A + pz) > 0, we define it by its analytic 
continuation in A + y. Proceeding as above, we conclude easily that 
for this case the only singularities in (/*/“, p) (considered an analytic 
function of A and yz) are simple poles at (A, u) = (p/l, q//), where p, 
q = 1, 2, ... (and A — yp is an integer). 

We have thus interpreted the integral (/*/«, ») for the case in which 
g has its support in a region containing only a single zero or a single 
pole of f(z). 

Finally, we define (f*f#, ~) for any arbitrary function g(z, 2) in K. 
We write 


o(z, 2) = >) plz, 2), (2) 


where the 9,(z, 2) are functions in K each of which has support in a 
region containing no more than a single zero or pole of f(z). Since we 
have already discussed the (/#/#, »;) we may write 


(Ff#, 9) = >), (P44 9). (3) 


It is easily shown that (/*/", p) does not depend on the choice of the 
g;- Indeed, let us make two such choices »y = Xq; and og = Lg;, 
where we label functions corresponding to the same zero or pole of 
f(z) with the same index. Then the »; — ¢;' vanish in the neighborhood 
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of every zero and pole of f(z), and therefore for all A and u we have 
(ff", 9 — 9) = 5 | ff [oj — 9;'] az az, 


where the integral on the right-hand side converges. Since (oy; — y;') =0, 
the sum over / of these integrals vanishes. Hence we arrive at 


D, (P44, 0) — D, U4 of) =D, P45 of — 9%”) = 0. 


We have thus defined the generalized function f#/« for any mero- 
morphic function f(z). The generalized function ff« is an analytic 
function of A and yz averywhere except at 


(A, 4) =(—p/k, —g/k) and (Ayn) = (p/1, g/l), 


where k runs through the set of multiplicities of zeros of f(z), and / 
through the set of multiplicities of its poles (p, g = 1, 2, ..., and A — p 
is an integer). At these points /*/« has simple poles. 

In particular, we see that the generalized function /*/#, considered a 
function of A and yp, is regular atA = k, » = O,k = +1, +2,.... Thus 
for every meromorphic function f(z) we have defined the generalized 


function f*, fork = +1, +2, .... 


B2. Generalized Functions of m Complex Variables 
B2.1. The Generalized Functions 8(P) and 5'*.(P) 


We shall start by defining generalized functions concentrated on a 
manifold S of 2m — 2 real dimensions in a space of m complex dimen- 
sions. Consider a manifold S defined by an equation of the form 


P(z) = P(%, -.-; 3m) = 0, 


where P(z) is an infinitely differentiable function (of z and 2).1 We shall 
assume that the differential form dP dP vanishes nowhere on the P = 0 
manifold. 

This assumption has a simple geometric meaning. To understand 
it, we consider the space of the variables 2, to be a 2m-dimensional 


1 It would be more correct to denote this function by P(z, 2). In order not to complicate 
the notation, however, we shall henceforth denote functions of m complex variables 


simply by P(z). 
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space of the real variables x,, y, (where 2, = x, + ty,), k = 1, ..., m. 
In this real space S is given by the two equations Re P = 0, Im P = 0. 
Then our assumption means that the surfaces Re P = ¢ andIm P= 7 
form a lattice such that in the neighborhood of every point of S it is 
possible to set up a local real coordinate system in which é and 7» are 
two of the coordinates. 

In Chapter III, Section 1.9 we were able with this assumption to 
define the generalized function 6(Re P, Im P) concentrated on S. We 
shall denote this function here by 8(P). It is convenient also to define 
5(P) entirely in terms of complex variables, which we shall now proceed 
to do. 

We define the generalized function 6(P) by the equation 


QP).9) =] ge, (1) 
P=9 
where w is the differential form of degree 2m — 2 defined by? 
(4) ade gh aPs (2) 
2 2 


We have here written 


(4) ds di = (s)" dz, dE, ... bm, Uy = dee, dy... dm, Bon: 


When changing variables in an integrand it is often convenient to 
replace the order of the differentials; we have 
4™ 


2 
AZ, ... Am AE, «1. dBm. 


(5) de ds = 


2 


Further, we have written 


We now proceed to define the derivatives 


Okt! 8(P) 
BMP) = Spr apt 
of 5(P). These generalized functions will be defined as the integrals 


2? The real variables x, and y; can be used to prove the existence of w as defined by 
(2) and the uniqueness of 5(P) defined by (1) (although w itself is not uniquely defined). 
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over the P = 0 manifold of certain differential forms w, (~) depending 
on P and on the test function g and its derivatives. First, we define 
Wo,o(p) as the differential form gw, where w is defined by Eq. (2). Then 
the w,(q) for all nonnegative k, J are defined by the recurrence rela- 
tions® 

d [dP w,_1,(p)] = 4P dP w,.(¢); (3) 


d [dP w,,1-(p)] = —4P dP w,(¢). (4) 
We then define the derivatives of 6(P) by 


(GP) 9) =(—) onal) (5) 


It can be shown that the w, (~) exist and that (3) and (4) define them 
to within an additive term of the form dr + adP + BdP, where 7, a, 
and f are differential forms of degree 2m — 3. Then it follows from 
Stokes’ theorem that the 8*-)(P) are uniquely defined by (5). The 
proof is exactly the same as for the case of real variables (Chapter III, 
Section 1.9). 

Some properties of the 5*-0(P) are the following. Again, the proofs 
of these properties are the same as those for the real case. 

(1) The 8-5(P) can be differentiated in accordance with the chain 
rule in the sense that 


z ok, (PP) = as ia (P) +o 8th +l) P), (6) 


oo" HP) = - a CP) te Bt H+1)(P), (6’) 


(2) The following identities are satisfied by 5(P) and its derivatives: 


P3(P) = P&P) = 0, (7) 
PSP) + RSP) = 0, (8) 
P 8%.0(P) + 181-1) = 0, (8’) 


(3) If the equations P = 0 and Q = 0 define two nonintersecting 
manifolds without singular points, so that PO = 0 is a manifold with 
no singular points, then 


8(PQ) = P4*P13(Q) + O70 &(P). (9) 


* Analogous differential forms for real variables were discussed in Chapter III, 
Section 1.9, 
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In particular, if a(z) is a function which fails to vanish anywhere, then 
d(aP) = aa &(P). (10) 


Further interesting formulas are obtained by taking the derivative 
of this last relation. For instance, if P is analytic, that is if éP/oz, = 0, 
we have 


8%.D(aP) = a-*-t g--1 80%0(P) (11) 


for any nonvanishing function a(z). The proof of this result is left to 
the reader. 


B2.2. The Generalized Functions G’G4 


We shall now define generalized functions associated with an entire 
analytic function G. Let G(x, ..., 2) be any entire analytic function. 
If A and » are complex numbers whose difference is an integer, then 


G’Ge = | G |/+# exp [iA — pu) arg G] (1) 


is a single-valued function of the 2,. 
With the ordinary function G’G* we may associate the generalized 
function GG defined by 


(GG, 9) = (4)" [ Ge) Gx(a) gz) de a, (2) 


where z = (2, ..., 2) and dz dz = dz, dz, ... dz,,d%, (the integral 
is taken over the entire complex space). The integral is known to con- 
verge for Re (A + yu) > 0 and, for given A — yp, is an analytic function 
of X + yw. We define (G’G*, ~) for other values of A and yu by analytic 
continuation in A + p. 

We wish to study the generalized function G’G“ as an analytic function 
of A and yw. Its singular points are closely related to the nature of the 
G(z) = 0 manifold. In this section we shall consider the simplest case 
in which the G(z) = 0 manifold has no singular points, that is, in which 
the 0G/0z;,, are not all zero simultaneously at any point of the manifold. 

The general case in which the G = 0 manifold has singular points 
will be treated in Section B2.9. 

If the G(z) = 0 manifold has no singular points, the only singularities 
of the generalized function G‘G, considered a function of and ph, 
are simple poles at the points 


Q.p) =(—k—1,-1—1), &, 1 = 0,1,..., 
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with residues* 


5 0(G 
Jes, G'Ge = (—1)* 27 a , (3) 


u=—t-l1 
Indeed, if the G = 0 manifold has no singular points, then in a 
neighborhood U of any point of this surface we can introduce local 
coordinates W,, ..., W,»_1, ¢, where £ = G(z). Now if we pick a test 
function g(z) with support in U, we have 


(<<) J G*(z) G4(z) (2) dz d? = 5 | OL" BL) do al, 


where ®(¢) denotes the integral of g(z) over all the w, (for fixed @). 

But as we have seen in Section B1.3, the only singularities of the 
generalized function Cale, considered an analytic function of A and yp, 
are simple poles at 


(pS tat=). BS 021: 
with residues 


(k,l) 
res Cafu =a (—1)*#? pa) é 
a Ril! 


From this we obtain the asserted result for G’G«, namely Eq. (3). 


Remark. The local nature of the considerations implies that the 
result holds also not only for functions defined over all of z space, but 
even if they are defined only on some analytic manifold without singular 
points. 


B2.3. Homogeneous Generalized Functions 


We shall call an ordinary function f(z) of the m complex variables 


% = (2, ..., %»,) a homogeneous function of degree (A, yu) if for any 
complex number « ~ 0 we have 
f(az) = otae f(z). (1) 


As before, we assume that the difference between A and p is an integer. 
When this is so, aa“ is unique. 


4 Recall that the residue is defined as the residue with respect to s = A + » for fixed 
A— Bp 
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We shall define a homogeneous generalized function f(z) of degree 
(A, ~) by the same equation (1), which we shall rewrite in a form appli- 
cable to generalized functions. 

With an ordinary function f(z) we associate the functional 


(f.0)=(4)" [ fe) oe) de ae, Q) 


where dz dz is defined as before. Then obviously the homogeneity 
condition (1) is equivalent to 


(Ff, p(2/a)) = att™ autm(f, p(z)). (3) 


As an important example of a homogeneous generalized function, 
consider 6(z) defined by 


(6, ¢) = (0). 


It is clear that 8(z) is homogeneous of degree (—m, —m). Its derivatives 
ok+! §(z)/dz% 03} are homogeneous generalized functions of degree 
(—m — k, —m — l). 

Other than 6(z) there exist no generalized functions of degree (—m, 
—m) concentrated at z = 0. This follows from the fact that every 
generalized function concentrated at z = 0 is a linear combination of 
6(z) and its derivatives.> But the derivatives of 8(z) are all of degree 
other than (—m, —m). Therefore if f is concentrated at z = 0 and is 
homogeneous of degree (— m, —m), it must be some multiple of 8(z). 

We present without proofs some simple properties of homogeneous 
generalized functions. 


(1) The product of a homogeneous generalized function f of degree 
(A, ~) with an infinitely differentiable homogeneous function of degree 
(A’, »’) is a homogeneous generalized function of degree (A + A’, w + p’). 

(2) If f(z) is a homogeneous generalized function of degree (A, 4), 
then d+! f(z)/@2$0z; is a homogeneous generalized function of degree 
A—k, wp — lJ). 

(3) In order that a generalized function f be homogeneous of degree 
(A, w) it is necessary and sufficient that it satisfy the Euler equations 


™m ™m™ . of wt 
D2) od a -- = Mf, 2 * 55, = pf. 


5 See Volume II, Chapter II, Section 4.5, 
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B2.4. Associated Homogeneous Functions 


We shall call a function f(z) an associated homogeneous function of 
order one and of degree (A, ) if for every complex «a ~ 0 


flax) = ofa [ f(z) + fo(z) In | « |], (1) 


where f,(z) == 0 is a homogeneous function of degree (A, 14). 
For instance, In| 2, | is an associated homogeneous function of order 
one and degree (0, 0) since 


In | az, | = In| 2, | + In| «|. 


An associated homogeneous generalized function of order one and 
degree (A, x) is defined by the same equation (1). To write it in a form 
applicable to generalized functions, we consider not f,(z), but the func- 
tional (f;, »). Then Eq. (1) is equivalent to 


(fi p(a/o)) = at amt [(f,, p(z)) + In| a| For o(2))], (2) 


where fy = 0 is a homogeneous generalized function of degree (A, 14). 

We define an associated function of order k inductively. We shall say 
that f, is an associated homogeneous generalized function of order k 
and of degree (A, y) if for every « # 0 we have 


(Far p(3/ee)) = aman [(f,, p(z)) + In| «| Fr 9())], (3) 


where f,.; is an associated homogeneous generalized function of order 
k — 1 and of degree (A, p). 

Associated functions can be obtained from homogeneous ones in the 
following way. Let f;,, be a homogeneous generalized function of degree 
(A, uw), differentiable in the parameter s=A + y.® Then the derivative 
Of x.,/@s will be an associated generalized function of order one. Similarly, 
the derivative with respect to s of an associated generalized function 
of order & will be one of order k + 1. 

The proof follows simply by differentiating both sides of (3) with 
respect to s, bearing in mind that 


ofae = | a|*® exp [7(A — pu) arg a]. 


* More exactly, for each fixed A — p, we assume f;,, to be differentiable with respect 
tos=A+ yz, 
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B2.5. The Residue of a Homogeneous Function 


Many results of the theory of homogeneous functions are conveniently 
formulated in terms of their residues. 

We first recall the definition of the residue of a homogeneous function 
for the case of real variables (see Chapter III, Section 3.2). 

Consider an ordinary homogeneous function f(x), of m real variables 
xX = (%, ..., X,,), of degree —m; that is, a function such that 


(ox) = a™ f(x) 


for every « > 0. Let us assume that f(x) is everywhere continuous 
except at the origin. Then we define the residue of f(x) (at the origin) 
by the expression 


res fix) = | flx)o (1) 
where 


oy =D) (HIP ay ity on. Oty Beggs Bigg 


and the integral is taken over any closed surface (i.e., submanifold of 
dimension m — 1) Ienclosing the origin. 

The differential form w has a simple geometric meaning. In fact w/m 
is the volume of the cone whose vertex is at the origin and whose base 
is an element of area. This implies that res f(x) is independent of the 
choice of I’, and therefore that it is completely determined by f(x). In 
particular if f(x) > 0, we may may pick I as the closed surface defined 
by f(x) = 1, obtaining 


res f(x) = [ — mV 


where V is the volume of the region f(x) > 1 containing the origin. 

We may remark that the integral of any function f(x) over the entire 
space is conveniently expressed in terms of its residue. Let I" be an 
arbitrary surface which intersects every ray from the origin at a single 
point. Then every point in the space can be uniquely specified by 
writing 

x = oy, 

where a > 0, and y is a point on I’, and (a, y) may be taken as general- 


ized polar coordinates of x. In order to integrate f(x) over the entire space 
we May integrate first over the rays passing through x = 0, and 
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then integrate the expression so obtained over J’. Thus we may write’ 
oe i m1 d = res [ flax) w™? da 2 
[flay ae = J (J ley) 4 da) aly) = res | flexor tda. ——Q) 


This equation can be considered a transformation to generalized polar 
coordinates in the integrand. 

We shall define the residue of a homogeneous function of several 
complex variables by analogy with the real case. Let f(z), z = (2, ..., %m), 
be a homogeneous function of degree (—m, — m), continuous everywhere 
except at the origin, and consider the differential form 


w= > (—1)*"" 2, dz, ... day_1 A y4, ... dBm. (3) 
k=l 


We then define the residue of f(z) by the expression 


gim—1)? 


resf(z) = “saz | Se) od. (4) 


The integral is taken over any (m — 1)-dimensional manifold that inter- 
sects every complex line passing through the origin at a single point 
(with the possible exception of a set of such lines of lower dimension).® 
It can be shown that no bounded closed manifold has this property, 
so that in general I” is composed of a finite number of sections of smooth 
manifolds. We shall show how it may be constructed. 

First break up the space of the complex variables into a finite number 
of “sufficiently narrow’ cones C, with vertex at the origin (in other 
words, into regions such that if C; contains a point 2, it contains the 
entire complex line passing through the origin and z). In each of the 
C; we choose a section I’;, that is, a manifold of dimension m — | that 
intersects at one point every line in C, passing through the origin. We 
then choose I as the set of the I’,, so that 


gim-1)? 


Fer f fee =F YI fe ea. (5) 


The integral in (4) is independent of the choice of the “surface” I 
(or more accurately, it is independent of the way the space is broken up 


7 Equation (2) follows directly from the differential relationship 


dx = a"! daw(y), 
which is trivially verified. 
® It should be noted that in the case of complex variables the concept of a ray belonging 
to a line does not exist. For the reason lines rather than rays enter into the definition. 
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into the C; and of the way the I’; are then chosen), for fw@ is homogeneous 
of degree (0, 0) and is therefore invariant under replacement of 2 by az, 
where « # 0. Therefore f fwo will be invariant under any deformation 
of I. 

Since /(z)w@ is invariant under such replacement of z by az, it may be 
treated as a differential form on the space of complex lines passing 
through the origin. In this way (4) may be through of as an integral 
over the projective space of all complex lines passing through the origin. 

The differential form defined in (3) has the following property. 

If z = au, where a is a complex variable and wu is a point on some 
analytic (m — 1)-dimensional manifold I, then® 


dz = day... dim, = a"! deun(u). (6) 
From this we obtain a convenient formula for the transition from the 
Cartesian coordinates 2,, ..., 3,, to generalized polar coordinates. We do 


this by considering the complex number « and the point u on I’ as the 
generalized polar coordinates of z = au. We then have 


gim=1)? +1 


(sy [ f@) de dz = J [| Hea) oom amt dex det] ened 


= res 5 | fice) cm amt dor di. (7) 


Remark. The concept of a homogeneous function and of its residue 
can be introduced not only for a function defined on the entire space, 
but also for a function defined on some conical manifold with the vertex 
at the origin. (A manifold is called conical if together with each point 2 
it contains, it contains the entire complex line passing through z and 
the origin.) 


B2.6. Homogeneous Generalized Functions of Degree (—m, —m) 


Let f(z) be an ordinary homogeneous function of degree (—m, —™m), 
where m is the dimension of the space, and let it be continuous every- 
where except at z = 0. We define the corresponding generalized function 
and thereby the regularization of the divergent integral 


(£)" [ f@) ole) dx as, 


® Indeed, 
dz, ... im = TI (@ du; + u; da) = a”! daw(u), 


since du, ... du, = 0. 
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by choosing an arbitrary region G containing the origin and writing 


(f.) =)" [f@o(e) dz de = (5) [_ $e) Lele) — oO] az ads 


+) fag Kerrersea 0 


where C denotes the entire space (so that C — Gis the complement of G). 
The regularization of our integral defined in this way depends, of course, 
on the choice of G. 

Let us denote the generalized function so obtained by f(z)|¢, and 
let us study the way this function behaves when G is replaced by some 
other region G,. It is immediatedly obvious that if G is replaced by 
G, CG, the functional we obtain will differ by 


0)(5) J, Ma aeas 


from the original. Thus 
fle ~fle, = 8@) (5) f_  fe) ded 2) 


Since this equation shows that f|; — f|c, 1s a homogeneous general- 
ized function of degree (—m, —m), it follows that the homogeneity or 
inhomogeneity [of degree (— m, m)] of the generalized function defined 
by (1) is independent of G. 

We may thus ask under what circumstances Eq. (1) defines a homo- 
geneous generalized function of degree (— m,—m), that is, under what 
circumstances we have 


(f, p(z/~)) = (F, (2). 


We shall show that the necessary and sufficient condition for this 
is the vanishing of the residue of the (ordinary) homogeneous function f. 


Proof. With the change of variables z,/a = 2,, the right-hand side 
of Eq. (1) becomes, since f(z) is homogeneous of degree (—m, —™m), 


(4. (2)) = (s)" [_f@ toe ~ oo azas + (5). fe ole) de as, 


where «G is the region obtained from G by the similarity transformation 
corresponding to a. It is seen from this that the necessary and sufficient 
condition for the homogeneity of f |, is 


(sy { [a de dé = 0 
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for all a. This integral can be rewritten by subdividing the entire com- 
plex space into cones C; such that within each cone the boundary of 
G consists of all points of the form eu, where 0 < & < 2m, and u 
runs over a certain section I’; of an analytic manifold of dimension m — | 
which intersects at one point every complex line in C; passing through 
the origin. Then in generalized polar coordinates we have 


(sy | __, fa) dedi 
gim—1)*41 


where w is the differential form of Section B2.5, Eq. (3). 
Since f(Az) = A-™A-™f(x), this may be written in the form 
ia pee -2 aes : 
(5) Jecagl 44 = 51) 13 dr da] — [_{@) ee 
== 2m In| «| res f(z). 


Thus the necessary and sufficient condition that to the ordinary homo- 
geneous function f(z) of degree (—m — m) there correspond a general- 
ized homogeneous function is that the residue of f(z) vanish. 

We see that it is strictly no more correct to speak of the residue of a 
homogeneous function than it is to speak of the residue of an analytic 
function. In other words an analytic function is said to have a residue 
when the corresponding generalized function is not analytic.!° Similarly, 
a homogeneous function is said to have a residue when the corresponding 
generalized function is not homogeneous. 


B2.7. The Generalized Function P*P“, Where P Is a 
Nondegenerate Quadratic Form 


Consider a nondegenerate quadratic form of m complex variables 
Zy, +) Fm, NaMely 


a > Sik BF ee (1) 


We wish to study the homogeneous generalized function P’P“, or the 
functional 


(P'PH, @) = (5) [ PXz) PH(2) o(2) de de (2) 
as an analytic function of A, » (for integral A — y). 


10For instance, O(z71)/0% = 78(z) (see Section B1.4) shows that the generalized 
function 27! is not analytic. 
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Note that the P = 0 manifold has a singular point at z == 0, so that 
the considerations of Section B2.2 will not apply to this case. 

Equation (2) serves to define P*P» only for Re (A + yp) > 0. Let us 
obtain an expression for P*P for Re (A + pu) < 0. To do this we express 
P’Pe in terms of P’+*Px+!, We introduce the differential operators 


oO - 
= k = sik 
Lp > gi and Lp >) OB, 08,” (3) 


OR; Oz, 
where the g’* are defined by 


> 28, = 8. 


k 


Thus the matrix || 9% || of the coefficients of Lp is the inverse of the matrix 
| jx. || of the quadratic form. We then have 
LpP™+1 Pu = 4(A + 1) (A + $m) P*Px 


as is easily verified by direct calculation. 
Applying this formula & times, we arrive at 
(Lp/P4kPe = 4*(A + 1)... (A + R)(A + dm)... (A + 4m +k — 1) PAPe. 
(4) 
Similarly, 


(Lp) PAP ett == Aa +1) on (ue +) (ue + 3m). (u + dm 41 — 1) PAPe, 
(5) 
Combining (4) and (5) we arrive at the result that the generalized 
function P*Pr may be written, for k, 1 = 0, |, ..., 
PApu = c(d, k) clu, [LATE PA Prt, (6) 
where 
cv, p) = {4%v + 1)... 4p) + dm)... +imt+p— IP. 
Consequently, 
(PAPH, p) = cA, R) o(, 1) (PA#Pat!, LBL 40). (7) 


This equation gives the desired expression for P’P# for Re (A + yx) > 
—k — lI, where k and 7 are nonnegative integers. 

Let us now turn to the singularities of the generalized function 
P’P«, considered a function of A and yp. It is seen immediately from 
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Eq. (6) that P*P« has two sequences of singular points, namely 


An) =(—k—1,—1—1), 2,1 =0,1,2,..,, 


and 
A, 2) = (—¢m — k, —$m— 1). 


If (A, w) is a point belonging to only one of these sequences, P*Px 
has a simple pole at this point. If, on the other hand, (A, u) belongs 
simultaneously to both sequences, which is possible only if the dimen- 
sion of the space is even, P*P» has a pole of order two at this point. 

We now consider the singularities of P’P« in each of these cases. 


Case 1. The singular point A = —k —1, » = —/ — 1 is in the 
first sequence but not in the second. In this case the residue of P*P+ is 
a generalized function concentrated on the P = 0 manifold. 

We know already that if f is an analytic function such that there are 
no singular points on the f = 0 manifold, then! 


es Sh = = 2n(— ye OD) we 


pa 


By a natural analogy we introduce the generalized functions 5!*-!(P) 
concentrated on P = 0, defined by 


8%0(P) = (2n)-'(—1)*+" RU! res | P*Pe. (8) 


uo—l—1 
From the recurrence relation (6) for the P*P« we may derive the formula 


r(4m—k—1)r(itm—1—1) 


§(%.0(P) = 
m2 4e+t P24 m — 1) 


LELp 8(P). (9) 


Case 2. The singular point (A, ) is in the second sequence, but not 
in the first, and the dimension m of the space is odd. We shall show that 
in this case the residue of PP» is a generalized function concentrated 
at z = 0, and that it is given by 

ees pp. — (— I yaem—1) DOSE BED gatet gmt 
=—}m—k Ril! ram + k) r(4m +1) m +1)|4| A | 


LEE, 8(2), (10) 


where Z is the discriminant of P. 


11 We recall again that this is the residue of the function as a function of s = A+ p 
for fixed integer A — p. 
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Let us first calculate the residue of P’P« at \ = » = — 4m. This is 
obviously a homogeneous generalized function of degree (—m, —m). 
We may show further that it is concentrated at z = 0. 

Indeed, z = 0 1s the only singular point of the P = 0 manifold. 
Therefore if g vanishes in a neighborhood of z = 0, then as was 
shown in Section B2.2, (P’P«, ~) is a regular function of A and p at 
A = » = — $m, which means that the residue of this functional 
evaluated for this particular test function vanishes at this value of A, p. 

Thus the residue of P*P« at A = » = — 4mis a generalized function 
concentrated at z = 0. It is, in addition, homogeneous of degree (—™m, 
—m), so that 

ral P' Pu = ¢,,8(z). (11) 


A=u=—- Bm 
What remains is to calculate c,,. We assert that 


(— ])dem-b Q-(m-1) m41 


= 12 
Tb m) 14 a 


m 


where 4 is the discriminant of P, and proceed to prove the assertion. 
Calculation of c,. We may define c,, by 
pais (P*Pe, ?) = Jes (| P [*, 2) 


3=—m™ 


Cm(0) = ; 


=e=— 


where is any test function. Let us now perform a linear transformation 
in z space such that P takes on the form 2} + ... + 22. We then obtain 


1 S\m 
cme) = THT EES, (5) [ia +... + 22 |° o(z) dz dz. 


Let us now choose the test function 
yp = exp (—23, — ... — 3nBm). 


Then the above expression becomes 


= ee a * 2 2 \8 > s 3 
= 41 res, (5) fi +... + 27, | exp (—21%, — ... — 2mB%m) dz az. 
(13) 

To calculate the integral 
f) = (5) | | 22 +... + 2%, |* exp (—218, — ... — 2mm) a2 5 (14) 


(for m either odd or even) we may use the fact that LpP4+1P4 = 
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4A + 1) (A + $m)P*P*, From this we easily obtain the recurrence 


relation 
FQ) = [4A +1) A+ $m) “fA + 1). (15) 
Hence 
fA) = 4rA +1) TA+sm)fAQ), (16) 


where /,(A) is a periodic function with period one : 


AiQ + 1) =f) 


We now assert that f{(A) is a constant. To prove this we note first 
that we have already established that f(A) has the same singularities as 
does I(A + 1) F(A + 4m), which means that f,(A) is an entire function. 

Let us now calculate the asymptotic behavior of f,(A) = fi(o + ?7) 
as |r| — ». Because f, is periodic we may assume that 0<o <1. 
The original function f(A) = f(o + ir) is bounded for 0 <o < 1. There- 
fore using the well-known asymptotic formula for the [’-function!* 


| P(e + ir)| ~V 20 eR] [tas | | (17) 
we find from (16) that 
| filo + ir) |< Ce! as |r| +o. 


For an entire function /,(A) periodic with period one, however, this 
is possible only if it is equal to a constant. [This can be seen by expanding 
f,(A) in a Laurent series in powers of z = e?*4 and studying the behavior 
of g(z) = f,(A) in the neighborhood of z = 0 and z = ~.] Therefore 
f,(A) = const. 

We have thus established that 


fA) = #4 TA+ 1)PA+ em) (18) 
Now let us set A = 0 in this equation. Since 


f(0) = (4° | exp (23, — ... — Sm¥m) dz dz = 0”, 


we arrive from (18) at 


12 A. Erdelyi (ed.), Bateman Manuscript Project, ‘(Higher Transcendental Functions,” 
Vol. I, p. 47, Eq. (6). McGraw-Hill, New York, 1953. 
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Finally, then, we obtain the result 


DA+)IA+ 4m) 


9 
rym) a 


fQ) =2™4 
For odd m this result together with (13) gives the desired equation (12) 
for c,,- 

We now proceed to calculate the residue of P’P# at \ = — 4m — R, 
pe = — 4m — I, by using the recurrence relation (6) on Eq. (11). In 
this way it is seen that if m is odd, the generalized function P*P- has 
simple poles at (A, un) = (— gm — k, ~ gm — I) for nonnegative in- 
tegers k and /, and that the residues at these points are given by 


(— ] )em—1) J-(m42k+21-1) m+1 


res P’Bu — (\— ee ef TS ay, 20 
ete MaTGgm+aHram+Di4p 72 YO 
u=—l—gm 


where Lp and Lp are defined by Eq. (3), and 4 is the discriminant of P. 
Case 3. The singular point (A, .) is simultaneously in both sequences; 
i.e., A = — 4m — k, wp = — §m — lI, and the dimension m of the space 
is even. For this case we expand P’P« in a Laurent series (in A + yp) 
about the singular point, writing 
PAPH = ay(z)[(A +4) +(m +k +7? 
+ Dalz) [A +p) + (m+ RED $o5 QU) 


where we have omitted the regular part of the expansion. 
Proceeding almost word for word as in Case 2 above, we find that 


4,,(2) = 0, L pL 8(z), (22) 


where 
(— 120m) 2-42 421-2) zm 


— : (23) 
Al (hm +k) (Am +))|4| 


Ont 


The 5,2) in (21) is a generalized function concentrated on the 
P = 0 manifold. By analogy with the case in which this manifold has no 
singular points, we introduce the generalized function 8(#"+#-1.2m+1-1)(P) 


defined by 
res PAPu == B,, Smt ide p), (24) 


A=—}m—- 
u=—bm-t 
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where 


yet 

Bu = aoe (25) 
(gm +k) I(gm +l) 

(cf. Case 1, where we dealt with simple poles). 

Thus if (A, ~) belongs simultaneously to both sequences of singular 
points (that is ifA = — 4m — k, » = — gm — l) and the dimension m 
is odd, the generalized function P*P« has a pole of order two at this 
point. The Laurent expansion of P*P« about this point is 


PAPu = [(A + pw) + (m +k + DP? a LLL 8(2) 
+ [A+ 4) + (m +R + D7 By Sete dmt-(P), (26) 


where S(3m+k-1.4m+!-1)(P) is a generalized function concentrated on 
the P = 0 manifold, and o,; and f,; are defined by (23) and (25) (and 
we have omitted the regular part of the Laurent expansion). 


B2.8. Elementary Solutions of Linear Differential Equations 
in the Complex Domain 


We may apply the results of Section B2.7 to obtain the elementary 
solutions of an equation of the form 


L*u = f(z), (1) 
where L is a homogeneous linear differential operator of the form 
= 1 
L= % 5 bz, (2) 


with a nonsingular symmetric matrix || g ||, and where k = 1, 2, .... 
Recall that an elementary solution of Eq. (1) is a generalized function 
K such that 


L*K = 8g). 
Consider the quadratic form 
P= > 8 22; (3) 


whose matrix || g,; || is the inverse of that of ZL. We shall show that 
except for the case in which m is even and k < $m, the function 
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P-tn+k P-4m (or any constant multiple of it) is an elementary solution of 


Eq. (1). 
To prove the assertion we use the fact that [Section B2.7, Eq. (4)] 


LePi+kPe — 44 41). (A+R AtEm)... At gm+k—1) PP. (4) 
If mis odd and A = — $m, this gives 
LkP-tm+k B-tm 
= 4*1 — 4m)... (k — $m) (k — 1)! jim (A + $m) P’P«. (5) 


But for odd m we know that}® 


—])Bm—-2) Q-n-D) gmt 


res Pipe — ( 5(z), 


inten Pm) | | 
where 4 is the discriminant of P. Consequently in a space of odd dimen- 
sion the function 
K = (—1)hr D+ 2m-ae Pm) 
x I(gm — k)| 4 | [ee — 1)I}1 Pete Pam 6) 
is an elementary solution of Eq. (1). 
If mis even and k > 4m, by setting A = — $m in Eq. (4) we arrive at 
LkPp-tm+kp-tm _ gk(—1)bm-20(4 m — 1)1(k — 4m) (Rk — 1)! 
x lim Q + $m) PHPe, 
But for even m we have 


(—1)bem-®) Q-mym 


lim (A + $m)? PiPe = 
As—$m ( 2 m) r2(3-m) | 4d | 


5(z). 
Therefore for a space of even dimension and for k > $m, 


2m-% T'(3 m) | 4 | 


— NA ptm p-tm 
™k—)i(k—-dm! oe 7) 


is an elementary solution of Eq. (1). This proves the assertion. 
Let us now consider the special case in which the dimension is even 


18 See footnote 11 in Section B2.7. 
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and k < 4m. As was shown in the previous section, in this case P4+*Px 


has a simple pole at A = » = — 4m, with residue 
res, Pree — (=P ged ka. dm-00(P, (8) 
sonst (Em —k—DI(m— 1)! 


Multiplying both sides of (4) by 2(A + $m) and going to the limit as 
A —> — $m, we obtain 


2a(—1)* 
(sm —k —1)!(¢m— 1)! 


= 27+1(1 — $m)... (k — $m) (k — 1)! Jim, (A + $m)? P*P 


Lk §(hm-k-1,$m-)) (P) 


: (—1)hm-2) Q-m jm 


== 22417] — 2m)... (k — $m) (k — 1) r{hm)|4|_ (2). 


Thus in the special case in which the dimension m is even and k < 4m, 
the generalized function 


__])h0m-2) Qm-2k | J 
K= eae ante) (9) 


concentrated on the P = 0 manifold, is an elementary solution of 
Eq. (1). 


Remark. Similar considerations can be used to obtain elementary 
solutions of the equation 


LL'u = F(z); 
where L is defined by Eq. (2) and 
C2 
L = BP aR 


and k, / = 1, 2, .... The solution of this problem is left to the reader. 


B2.9. The Generalized Function G’G“ (General Case) 


Let G(z,, ..., 2) be any entire analytic function, and consider the 
generalized function G’G*, i.e., the functional 


(GH, 9) = (Z)" [ Ce) Ox(2) oz) de as, (1) 
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as an analytic function of A and yw. We have already studied the simplest 
case in which the G = 0 manifold has no singular points (Section B2.2). 
We shall now consider the case in which this manifold may have sin- 
gular points. 

We shall not treat entirely arbitrary G(z) = 0 manifolds, restricting 
our considerations to manifolds consisting of reducible points. A reducible 
point of an analytic manifold will be defined in analogy with the real 
case. 

We shall say that the variables f, = f,(2), .... Gn = Sfm(2) form a 
local coordinate system in some neighborhood U of a point M if the 
following requirements are fulfilled. 


(1) The f,(z) are analytic in the neighborhood of M. 
(2) The Jacobian D(’) does not vanish in U. 
(3) The coordinates of M are 4, =... = ¢, = 0. 


We shall call G(z) equivalent to a homogeneous function in a neighbor- 
hood of JM if in this neighborhood there exists a local coordinate system 
Ci, -» Sm in which G is a homogeneous function (a polynomial). We 
shall agree to choose these coordinates always so that G depends on the 
least number of variables, which number we shall call the order of M. 

Obviously a function may be equivalent to a homogeneous one 
even if it is defined not on the entire space, but only on some analytic 
manifold in the space. 

As before, we shall define reducible points of a manifold by induction 
on the dimension of the space or of the manifold. The definition will be 
a local one. In other words a reducible point is defined in terms of a 
manifold and same arbitrarily small neighborhood of the point. 

Let us assume, accordingly, that reducible points have already been 
defined for complex spaces (or analytic manifolds) of dimension less 
than m. We shall call a point M of the G(x, ..., z,,) = 0 manifold 
reducible if there exists a sufficiently small neighborhood U of M such 
that the following two requirements are fulfilled. 


(1) In U the function G must be equivalent to a homogeneous 
function (a polynomial). 

(2) Let %, ..., %, be coordinates in U in which G is homogeneous. 
Consider an analytic manifold whose intersection P with U is such that 
every complex line (in the ¢, coordinates) passing through / intersects 
P at no more than one point. Then the intersection of any such P 
with the G = 0 manifold must be a manifold each of whose points is 
reducible on P. 


In the neighborhood of a reducible point M of the G = 0 manifold 
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we may introduce local coordinates ¢,, ..., ¢,, in which G is homogeneous 
of degree k, and in which it depends on at least n < m complex variables. 
We then say that © is a reducible point of order n and of degree k. 

Thus with every point of the G =O manifold we associate two 
integers, namely its order m and its degree k. In particular, if on this 
manifold there is no point at which the 0G/0z, all vanish simultaneously, 
every point of the manifold is a point of first degree and first order. 
In fact in the neighborhood of such a point G itself may be chosen as 
one of the new coordinates. 

We now turn to an investigation of the singularities of the general- 
ized function G’G+, considered a function of A and p, for the case in 
which all the points of the G = 0 manifold are reducible. 

For simplicity we assume that G(2) is a polynomial. Then we assert 
(without proof) the following results. 

If G(z,, ..., %m) is a polynomial and the G = 0 manifold consists only 
of reducible points, the manifold can be decomposed into a finite num- 
ber of connected components, each of which consists of points of a 
given order and a given degree. 


Theorem. Let G(z) be a polynomial sych that all points on the 
G(z) = 0 manifold are reducible. Then the generalized function G’G 
is meromorphic in A and y."4 Its poles will then lie on a finite number of 
sequences. Specifically, each connected component of the G = 0 mani- 
fold consisting of points of order r and degree k gives rise to a set of 
poles of the functional G‘G# at 


(Aw) = (Ir + pk, — fr +40/R) 019 =0,1,2,..5 A—p an integer. (2) 


Further, if there occurs a sequence of two, three, or more incident 
connected components of the G =O manifold, each consisting of 
points of different fixed order, and if (Ag, 49) belongs to two, three, or 
more sequences such as those given by (2), each corresponding to one 
of these components, then at the point (Ag, 4), the generalized function 
G’G» has a pole of order two, three, or more, respectively. 

The proof of this theorem is essentially a repetition of the proof for 
the analogous theorem in the real case (Chapter III, Section 4.4). We 
therefore give it very briefly, omitting some of the details. 

Let us assume that we already know the poles in the (A + y) plane 
that occur in | 


2\™ 
(C'G", 9) = (5) | CXe) CH) oz) dz as (1) 
14 Recall that A and p» are not arbitrary numbers, for their difference must be an integer. 


The theorem asserts that G4G# is a meromorphic function of A + » for any fixed integral 
value of A — p. 
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as a result of points of order less than m. We may then proceed to in- 
vestigate (1) in an arbitrarily small neighborhood of a point M of order m. 
In such a neighborhood there exists a local coordinate system in which G 
is a homogeneous polynomial of degree k in m complex variables. Without 
loss of generality we may assume that G(z) is itself a homogeneous 
polynomial in z (and we may take z = 0 to be ™). 

We now go over to generalized spherical coordinates (see Section 


B2.5). This yields 


gim—1)*+1 


(AGH, 9) => I. [ [ Gaz) GH(ox) g(a) wal doy di au 


ae . (3) 
=D Fer J, Oe ule) os 


where we have written 


Dyula) = 5 [ alm tarot gaz) da di (4) 


The integrals in (3) run over sections I’; of analytic manifolds inter- 
secting each complex line passing through M at no more than one point. 

The integrals in (3) and (4) converge for Re (A + yp) > 0, and for 
Re (A + y») < O they may be defined by analytic continuation in A + yp. 
Let us first find the singularities of ®,,(2), considered a function of A 
and pu. Since for z # 0 the function y(«z) in the integrand has bounded 
support and is infinitely differentiable with respect to a, we may con- 
clude on the basis of Section B2.2 that the only singularities of ®,,(z) 
are simple poles at (A, 4) = (—[m + p]/k, — [m + q]/k), p, g = 0, 1, 2, 
... (A — p Is an integer). 

Obviously if (A, 4) does not belong to this sequence, ®,,(2) is a homo- 
geneous function of z, continuous and infinitely differentiable every- 
where except at z = 0. 

Let us now find the singularities of 


g(m~1) 


er |, Xe) CHa) Py(2) wc (5) 
For this purpose we introduce the auxiliary functional 
zim 


lruxvt@) = Fer | CHE)GHs) Gey(a) od. 6) 


Clearly when A’ = A, pw’ = p, (6) goes over to (5), so that it is sufficient 
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for our purposes to study the singularities of this auxiliary functional. 

The singular points of J,,.7,/ considered as a function of A’ and p’, 
have already been found. These are the points (A’, »’) = (—[m + p)/k, 
—[m + q]/k), p, g= 9, 1, 2, .... The singular points of J, considered 
as a function of A and yp, can arise only from those points of the I, 
manifold at which G(z) = 0. These points are, by assumption, reducible 
and of order no greater than m — 1. Consequently (that is, by the 
inductive assumption) we know the poles (and their multiplicities) of J, 
considered as a function of A and p. 

This proves that in addition to the poles (in A and yz) due to points 
of order less than m, the integral of (5) also has poles at the points 
(A, w) = (—[m + p/h, —[m + Q]/h). 

What remains to be proven is the assertion concerning the multiplicity 
of the poles. This assertion is implied by the following observation.}® 

If Ij,.14’, considered as a function of A and yp, has a pole of order j 
at (A, w) = Qo, Po) and if, considered as a function of A’ and yp’ it has 
a pole of order 7’ at (A’, uw’) = (Ag, fo), then at (A, ~) = (Ay, fo) the function 
Tiu.az has a pole of order no greater thanj + 7’. 

We have thus discovered the singularities of the generalized function 
G’G for the case in which G(z) is a polynomial such that all the points 
of the G = 0 manifold are reducible. 

The theorem is not in general true if G(z) is any arbitrary entire analytic 
function for which all the points of the G = 0 manifold are reducible. 

It is possible, however, by repeating the considerations of the theorem, 
to show that if G(z) is an entire analytic function the following weaker 
assertion may be made. Every singular point of the generalized function 
G’G« is always of the form (A, 4) = (—1,/k, —r,/k), where r,, r2, and 
k are integers. In particular, G’G will be regular at A = —1, —2, ... 
and p = 0. 

Thus we may assert that if G is an entire analytic function such that 
all the points of the G = 0 manifold are reducible, the generalized 
function G~* exists. This generalized function is defined by Eq. (1) 
evaluated at A = ~k, p = 0. 


Remark. Rather than having G(z) an analytic function, we could 
have considered arbitrary continuous infinitely differentiable functions 
of z and 2. Then the definition of a function equivalent to a homogeneous 
function would be somewhat different. Specifically, the new complex 
variables in which G would be homogeneous could be arbitrary infinitely 

15 This method based on ‘“‘splitting’’ the variables was used in Section 4.4, Chapter III 


to prove the analogous theorems in the real case. 
16 This is the analog of similar considerations in Section 4.3 of Chapter ITI. 
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differentiable (but not necessarily analytic) functions of the original 
variables. The definition of a reducible point would also change accord- 
ingly. If G(z) is a polynomial in z and 2 such that all points of the 
G(z) = 0 manifold are reducible, one can obtain a theorem analogous 
to the theorem of this section for the generalized function G’G#. (We 
shall not, however, give the exact statement of the theorem.) 


B2.10. Generalized Functions Corresponding 
to Meromorphic Functions of m Complex Variables 


Let f(z), z = (2, .--, 3m), be a meromorphic function, i.e., a function 
such that in every sufficiently small neighborhood of any arbitrary point 
it can be written in the form f(z) = p(z)/q(z), where p(z) and q(z) are 
analytic in this neighborhood. 

We shall show that f(z) can be associated with a generalized function 
F(z). It is natural to require that F(z) satisfy the following condition: 
if f(z) = p(z)/q(z) in some (closed) neighborhood U in which p(z) 
and q(z) are analytic, then for any g(z) in K with support in U we will 
have 


(F, 9p) = ()" | plz) oz) a a. (1) 


It will be shown that a generalized function satisfying this condition 
always exists. Note that F(z) is defined by (1) up to an additive general- 
ized function F, such that 


(Fi, 9~) = 0 (2) 


where is any function in K with support in U. Obviously F, is con- 
centrated on the set of singular points of f(z). 

Let us proceed to construct F(z). We first construct a generalized 
function Fy on the subspace consisting of functions g(z) with support 
in a sufficiently small neighborhood U of a given point 2. 

Let us write f in the form 


fe _ Pol2) 
Ie) = aay? 


where p,(z) and g,(z) are analytic in U. By taking a sufficiently high 
derivative of ¢,(z) with respect to the z,, we arrive at the analytic function 


ox 
91(2) ba B) do(2) k= ky ae nee = Rims 


ah ... Ok m” 
m 
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having no zeros in U (which we have assumed sufficiently small). We 
then define Fy by the convergent integral 


oe) =(—UF (5) [fe ole) GEE dade.) 


We then use such Fy to construct F over the entire space K. For this 
purpose we associate with each point 2, a sufficiently small neighborhood 
U. Then from the set of neighborhoods we choose a locally finite 
covering of the entire space.!” Let this covering consist of the neighbor- 
hoods U,, U,, ..., U,, .... Let us now write 


l= g(a) 


i=l 
where g,(z) is an infinitely differentiable function with support in U,. 


Then every test function g(z) can be written as a sum of functions 
with support in the U; according to 


os) = > (2) g(2). 


[Note that if g(z) is in K, this sum contains only a finite number of 
nonzero terms. | 
We now define the generalized function F(z) by 


(F, 9) = > Fu of). 


Clearly F is a continuous functional. We need show only that it satisfies 

(2). To see this, assume again that in some (closed) neighborhood U 

we have pie 

Plz 

fla) = EE, 

where p(z) and g(z) are analytic in U. Let (2) have support in U. 

Then the definition of Fy, [Eq. (3)] implies, after integrating by parts 
and canceling q(z), that 


(Fu, 998) = (4) | P(e) eg. dx de. 
Now summing over 7 we arrive at 
am : 
(F, 90) = (4) | rz) o2) de as, 
as desired. 


17See Appendix | to Chapter I. 


NOTES AND REFERENCES TO THE LITERATURE 


This book has dealt with problems in classical analysis most of 
which have a relatively long history. Therefore the references which we 
present below are in many cases merely the customary ones and may be 
only approximately correct. For instance, we assign credit for the concept 
of the regularization of a divergent integral to Hadamard and to M. Riesz, 
although Cauchy had already dealt with it (in defining the I” function 
outside the region of convergence of the integral), and even Euler no 
doubt made use of similar considerations in his calculations. 


Chapter I, Section 1 


The concept of a generalized function as a functional on a certain 
function space was formulated by S. L. Sobolev (23). It was L. Schwartz 
(21) who stated it in the form in which we present it. 


Chapter I, Section 2 


The contents of this section, are essentially an adaptation of some of 
Schwartz’s book. 


Chapter I, Sections 3 and 4 


The idea of the regularization of divergent integrals in application to 
problems of differential equations is due to J. Hadamard. (12). The 
general method of regularization by analytic continuation is due to 
M. Riesz (20) (see also Schwartz’s book). The material presented in 
this section is an expansion and reworking of the corresponding subject 
matter in an article by Gel’fand and Shapiro (10). Not included in that 
article were the generalized functions (x + 70)4 and (x — 10)’, and the 
canonical regularization problem and its solution for the case of a single 
variable. 

For functions of two (or more) variables with algebraic singularities, 
the canonical regularization problem cannot be solved. It has been shown 
by V. Grushin and R. Ismagilov that it is impossible to associate functio- 
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nals even with functions of the form a(x, y)r~* so as to satisfy the condi- 
tions for a canonical regularization [here a(x, y) is an infinitely differen- 
tiable function]. For certain smaller classes of functions of several 
variables canonical regularizations is possible. V. Palamadov has found 
several such classes. For instance, canonical regularization is possible 
for functions of the form a(x, y)/P(x, y) if each of the polynomials 
P(x, y) has roots such that the distance from those in the upper half- 
plane to those in the lower half-plane is greater than some positive 
constant in every bounded interval on the » axis. 

The problem of the plane-wave expansion of the delta function 
(Section 3.10) was first formulated classically (to calculate the value 
of a function at a point when the integrals of this function over hyper- 
planes are known) by J. Radon in 1917 and solved by John (14) and 
other authors. In this connection we may mention the note of Khacha- 
turov (15). 


Chapter I, Section 5 


The contents of this section are essentially an adaptation of some of 
Schwartz’s book. N. Ya. Vilenkin participated in working out some of the 
last examples of Section 5.5. 


Chapter I, Section 6 


The contents of Sections 6.1 and 6.3 are taken from Gel’fand and 
Shapiro (10). The results of Section 6.1 were obtained in a similar way 
by John (14) and those of Section 6.3 were obtained independently 
and almost simultaneously by Courant and Lax (5). The first to give 
formulas for the general solution of a hyperbolic equation with constant 
coefficients were Herglotz (13) and Petrovskii (19) for those cases in 
which they could be expressed in the terms of classical function theory, 
that is, for equations of sufficiently high order (m > nm + 1). Hyperbolic 
equations with constant coefficients were treated in important work of 
GAarding (8) by the method of Riesz, and by Leray (16) using the general 
Laplace transform. Section 6.2 was written by Borovik from his own 
results (2). 


Appendix | 


The contents of this appendix are essentially an adaptation of some of 
Schwartz’s book. 
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Chapter Il 


The Fourier transform of a function increasing as some power of 
its argument was first defined as a generalized function by Schwartz. 
Another definition of the Fourier transform for such functions occurs 
in the work of Bochner (1) and Carleman (4). The definition of the 
Fourier transform of a function of any rate of increase as given in Sections 
2 and 3 is due to Gel’fand and Shilov (11). Actually that paper gives a 
more inclusive definition, which will be discussed in Chapter HI of 
Volume II. The space Z was introduced by Gel’fand and Shilov (11) 
(where it was called Z1)* and, simultaneously and independently, by 
Malgrange (17) and Ehrenpreis (6). The text of Section 2.6 is by Vilenkin 
and Shapiro. 


Chapter Ill, Section 1 


The definitions of the differential forms w, (for j > 0) and of the 
functional 6(P) and its derivatives are due to Gel’fand and Shapiro (10). 
The differential form w, was first introduced by Leray (16). Section 1.9 
is taken from an article by Shapiro (22). 


Chapter Ill, Section 2 


The analysis of the poles and residues of a quadratic form raised 
to a power A for the case in which the quadratic form has no more than 
one minus sign was first undertaken by M. Riesz (20), for whom it 
formed the basis of an investigation of the solutions of the wave equation. 
The study of the quadratic form in the general case with the intention 
to apply it to representation theory was undertaken by Gel’fand and 
Graev (9). The elementary solutions of the ultrahyperbolic equation 
Lu = 6 were first obtained by Y. Fourés-Bruhat (7). The form in which 
we present them here is that discussed by Shapiro. The results for 
L¥u = 6 are published here for the first time. Sections 2.1 and 2.2 are 
based on the work of M. Riesz (20) and Gel’fand and Graev (9). The 
idea on which Sections 2.3—2.10 are based, namely, analytic continuation 
into the complex plane, is due to Gel’fand. This idea is discussed in 
Section 3.3. The results of Sections 3.4—3.6 belong to Gel’fand and Graev, 
and those of Sections 3.7—3.10 to Vilenkin, Gel’fand, and Shapiro. The 
relevant sections were written by those who obtained the results. 


* A more detailed discussion of methods based on the space Z and the relation between 
the analytic functionals of Fantappie and the work of Leray will appear in Volume V. 
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Chapter Ill, Section 3 


The results of this section are taken essentially from the article of 
Gel’fand and Shapiro (10). Section 3.6 is written by Borovik. 


Chapter Ill, Section 4 


The material of this section is taken essentially from the article of 
Gel’fand and Shapiro (10). M. V. Fedoryuk constructed P* for any 
polynomial of two variables with a single zero at the origin. 


Appendix A 


The proof of the completeness of K’ given in this appendix is due to 
M. S. Brodskii. 


Appendix B 


The material in this appendix is essentially an extension to the com- 
plex domain of the results of Gel’fand and Shapiro (10). This is its first 
publication in the form in which it is here presented. The differential 
form w was first introduced by Leray (16), and the w,;; were introduced 
independently (for a real space) by Leray and by Gel’fand and Shapiro. 
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depending on a parameter, 46, 147 
analytically, 46, 149 
continuously, 46, 148 
differentiably, 46, 148 
derivative of, 19, 20 
differentiation of convergent sequences 
of, 29 
direct product of, 100 
equal in a region, 6, 144 
essential point of, 5 
even, 50 
Fourier transform of, 167, 190 
homogeneous of degree A, 10, 78 
homogeneous of degree (A, #), 373, 391 
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infinite differentiability of, 18 
invariance of, 9 
linear transformation on, 8 
multiplication of 
by an infinitely differentiable func- 
tion, 7 
by a number, 7 
odd, 50 
periodic, 9 
Fourier series for, 30 
primitive, 43 
regular, 4 
in a region, 6 
singular, 4 
spherically symmetric, 9 
sum of, 7 
support of, 6 
vanishing of, 5 
Generalized vector function, 226 
Green’s theorem, 27, 226 


Herglotz-Petrovskii formulas, 135 
Homogeneous functions, 78, 295, 372 
positive, 297 
residues of, 299, 394 
Hérmander’s staircase, 164 
Hyperbolic equation, 135 
solution of Cauchy’s problem for, 136 
operator, 135 
Hypergeometric functions, 118 


Integral of any (fractional) order, 115 
of a differential form, 218 
of a generalized function with respect to 
a parameter, 148 
Inverse Fourier transform, 167 


Jacobi polynomial, 120 


K,2 
convergence in, 2 
Fourier transform of, 155 
K’,5 
convergence in, 13 


k-fold layer, 237 


Laplace’s equation, iterated, 201 
Laplace transforms, 200 
Laplacian, 27 

applied to l/r, 28 


INDEX 


Laurent expansion, 151 
Layer, doublet, 238 

k-fold, 237, 247 

multiplet, 237 

simple or singlet, 237, 247 
Local properties, 5, 140 
Locally summable functions, 3 


Method of analytic continuation, 46, 150 
Multiplet layers, 237 
Multiplication (of generalized functions) 
by an infinitely differentiable func- 
tion, 7 
by a number, 7 
Multiplier, 159 


Null contour, 161 
surface, 164 


Odd generalized function, 50 
Operational calculus, 206 
Orientation, 217 

Ovals, 138 


Parceval’s theorem, 166 

Partition of unity, 142 

Pizetti’s formula, 74 

Plane-wave expansion of 5 function, 77, 82 
of r4, 74 

Poisson’s formula, 109 

Potential, Newtonian gravitational, 106 

Primitive of generalized function, 43 


Reducible (singular points), 313 
of order k and degree m, 314 
Regular functionals, 4 
on Z, 158 
Regular homogeneous equations, 128 
Regularization, canonical, 61 
at infinity, 68 
in finite interval, 66 
uniqueness of, 62 
of divergent integral, 10, 45 


S, 16 
convergence in, 17 
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Fourier transform of, 165 
S’, 17 
Similarity transformation, 9 
Simple layer, 237 
Singlet layer, 237 
Singular function, 1 
Singular points of trigonometric series, 32 
Sonin’s (Sonine’s) integral, 122 
Space of Fourier transforms of functions 
in K, see Z 
Space of generalized functions defined on 
K, see K’ 
defined on S (S’), 17 
defined on Z (Z’), 159 
Space of infinitely differentiable functions 
with bounded support, see K 
Space of rapidly decreasing functions, see S 
Spherical average, 71 
Spherically symmetric, 9 
Stokes’ theorem, 219 
Support of a function, 2 
of a generalized function, 6 
of the direct product, 101 
Surface, equivalent to real, 164 
null, 164 


Taylor’s series, 149 

Test functions, 2 
Fourier transforms of, 153 
spherical average of, 71 

Translation (of function), 9 
in K and Z, 156 


Ultrahyperbolic equation, 279 

Uniqueness of differential form w, 220 
of homogeneous functions, 379 

Unpaired pieces, 138 

Unity, partition of, 142 


Wave equation in a space of odd dimen- 
sion, 202 


Z, 155 
convergence in, 156, 158 
Z’, 159 


Index of Particular Generalized Functions 


(ax? + bx + c)4 , 182 
Fourier transform, 182 
GA(xy y ve) Xn), 313 
Inx,, 24 
derivative, 25 
Fourier transform, 175 


derivative, 23 

Fourier transform, 171 
indefinite integral, 54 
Laurent expansion, 87 
normalization, 56 
poles and residues, 49 


In x_ , 89 Taylor’s series, 84 
Fourier transform, 175 x4, 49 
In | x |, 25 canonical regularization, 61 


derivative, 25 

Fourier transform, 176 
In (x + 20), 26 

derivative, 26 


Fourier transform, 172 
indefinite integral, 54 
Laurent expansion, 89 
normalization, 56 


In (x — 20), 95 poles and residues, 50 
derivative, 95 Taylor’s series, 87 
PA , 253 [x {4, 50 


Fourier transform, 284 
Laurent expansion, 277 
singularities, 255 
PA , 269° 
Fourier transform, 284 
Laurent expansion, 277 
PA, 270 
singularities, 274 
(P + 10)4, 274 
Fourier transform, 284 
singularities, 276 
P*4f(P, A), 285 
(P + 10)4f(P, A), 285 


canonical regularization, 61 
Fourier transform, 173 
indefinite integral, 54 
Laurent expansion, 90 
normalization, 56 

poles and residues, 51 
q-fold integral, 55 

Taylor’s series, 89 


|x |4sgn x, 50 


canonical regularization, 61 
Fourier transform, 173 
indefinite integral, 54 
Laurent expansion, 90 


(P + 20 + c?)4, 289 normalization, 56 
Fourier transform, 289 poles and residues, 51 
(c2 + P//I(A + 1), Fourier transform, 290 Taylor’s series, 90 
for integer A, 295 Cia | 
r4, 71 Fourier transform, 174 
Laurent expansion, 99 x5", 86 
normalization, 74 derivative, 86 
plane-wave expansion, 74 Fourier transform. 177 
poles and residues, 72 x7", 88 
Taylor’s series, 99 Fourier transform, 178 
yr tk—n In” r, 99 | x ieesaasaer’ 9] 
Fourier transform, 194 Fourier transform, 180 
r4f, 311 |x |" son x, 9] 
xt , 48 Fourier transform, 181] 
canonical regularization, 61 x4 /T(A + 1), 57 
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——=TO MOODY 


INDEX OF PARTICULAR GENERALIZED FUNCTIONS 


derivative, 58 
Taylor’s series, 93 
x4/P(A + 1), 57 
derivative, 58 
| x |4/P((A + 1/2), 57 
derivative, 57 


| x |4sgn x/F(QA + 1]/2), 57 


derivative, 57 
x Inx, , 84 

Fourier transform, 175 
x4 In x_, 87 

Fourier transform, 175 
|x |4In | x |sgnx, 90 

Fourier transform, 175 
x5" In x, , 87 

Fourier transform, 177 
x7" In x_ , 89 

Fourier transform, 178 
x72" In | x1, 340 

Fourier transform, 179 
|x |-2" In | x | sgn x, 91 

Fourier transform, 181 
x72™-1 In | x |, 340 

Fourier transform, 179 
[ [72% 2 In| |, 91 

Fourier transform, 180 
(x + i0)4, 59, 93 

differentiation, 94 

entire function of A, 60 

Fourier transform, 174 

Taylor’s series, 96 
(x + 10)4 In (x + 20), 96 
(x — 10)4 In (x — 10), 97 
(x + 10)-" In (x + 20), 98 


ORPoONrKOWWs’ 


Unity, 4 
Fourier transform, 168, 190 
zAge, 373 
Fourier transform, 383 
normalization, 376 
poles and residues, 375 
get 377 
5( f(x)), 184 
5 f(x)), 185 
&(P), 211, 222, 387 
§)(P), 211, 228 
5'*0(P), 387 
AP, 5+, 2), 213, 239 
derivatives, 239 
8(P), 250 
50°'(P), 250 
5*)(P,), 278 
5'*)(P_), 278 
8'(c? +. P), Fourier transform, 294 
d(r — a), 197, 223 
Fourier transform, 199 
&(r? — a*), 224 
572 — gt), 231 
solution of wave equation, 234 
d(x), 1, 4 
derivative, 26 
Fourier transform, 168, 190 
plane-wave expansion, 77, 82 
translated, 4 
OP), 212 
A(x), 21 
derivative, 21 
Fourier transform, 172 
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